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Abstract 
Molecular gels are associated with the formation of strongly anisotropic structures 
at low volume fractions (less than 1 wt%) that induce solid-like mechanical properties. 
Low molecular weight gelators based on aromatic short peptide derivatives have been 
shown to self-assemble into fibrous networks featuring highly ordered molecular 
packing. The building units of these structures are individual molecules experiencing 
hydrogen bonding and π-π stacking interactions, making them distinct from typical gels 
formed by aggregation of colloidal particles or crosslinking of polymer chains. The 
remarkable structural and mechanical properties of these materials offer a wide range of 
potential applications. Despite a surge in scientific publications on a variety of molecular 
gelators over the past decade, the mechanism and fundamental thermodynamic principles 
of molecular gel formation remain poorly understood. The aim of this thesis is to address 
these issues by a thorough and systematic experimental characterization of a model 
molecular gelator, fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF). The nature of 
the gel transition, as well as the relationship between composition, dynamics, structural 
and mechanical properties are discussed within the framework of current soft matter 
theories. The experimental observations reveal that the formation of the gel is a result of 
the system undergoing an equilibrium first order phase transition and a generalized phase 
diagram is developed. 
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Chapter 1 
Introduction 
1.1. Basic Definitions and Properties of Gels 
Gels are multi-component soft materials with long mechanical relaxation times that 
can be deformed with modest stresses. One of the main characteristics of gels is that they 
are able to hold their shape, but possess yield stresses, which allows them to be squeezed 
out of tubes, easily applied to sensitive tissues and pumped long distances at low 
viscosity, making them suitable materials for a number of applications, such as personal 
care products (toothpaste, hair products, deodorants, etc.), food industry (jelly, pudding, 
etc.), medicine (drug delivery, tissue engineering), and many others.  
Gelation is the transition of a liquid to a disordered solid by formation of a network 
of chemical or physical bonds between the molecules or particles composing the liquid.1 
Gelation due to formation of chemical bonds, typically crosslinking of polymer chains, 
results in practically irreversible connectivity of the gelator species, while physical 
gelation, common in colloidal nanoparticle systems, allows for self-reorganization during 
the gel lifetime. The nature of the connectivity also dictates the reversibility of the 
structure upon mechanical or thermal disruption, i.e. the ability of the material to recover 
upon yielding due to mechanical stress or regain a solid structure after melting. 
 
1.2. Molecular Gels 
A variety of low molecular weight species can form gels at low concentrations 
(frequently less than 2 wt%). This tendency is associated with anisotropic molecular 
interactions.2 When the gelation process is triggered, commonly by a change in the pH or 
temperature of the solution, the gelator molecules assemble into strongly anisotropic 
structures, most commonly branched or entangled fibers that form a space-filling 
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network, inducing solid-like mechanical properties. In the literature, these gelators and 
the soft materials that they form have been reported under a variety of names: molecular 
gels, low molecular weight organic gelators, self-assembled fibrillar networks (SAFINs), 
organogels, etc. The building blocks of the highly ordered structures in question are 
individual molecules, as opposed to nano- or micrometer sized particles or polymer 
chains. Hence, we will mainly refer to them here as molecular gels in order to best 
emphasize this main distinction.    
Another main feature of molecular gels is that the formation of anisotropic 
structures, typically fibers of high aspect ratios, is a result of molecules experiencing 
hydrogen bonding and π-π stacking interactions.2-3 These short-range interactions are 
physical and thermoreversible in nature, which results in the ability of many molecular 
gels to reform after yielding upon mechanical disruption and to regain their structure after 
melting.  
A specific class of molecular gels that has gained considerable attention over the 
past decade are self-assembling systems based on peptides and their derivatives. These 
gelators offer new directions in designing materials with unique structural, optical, 
mechanical and biological functionalities.4 The self-assembled structures of 
peptide-based gels are inferred from the presence of naturally occurring amino acids, 
which determine the interactions between different peptides. Thus, a variety of structural 
motifs can be featured – ß-sheets, ß-hairpins, helices, coiled-coils, etc.5 By exploiting the 
system’s inherent tendency towards the formation of these biological architectures, 
nanostructured hydrogels can be formed from peptides in aqueous solutions, which are 
seeing an increasing number of potential applications in tissue engineering, drug delivery, 
nanofabrication, and biosensing.4-6 In most cases, the peptide components of these 
systems are composed of 10 or more amino acids. A typical example of these systems are 
ß-amyloids, which have been extensively studied for their role in plaque formation 
responsible for the onset of Alzheimer’s disease.6 More recently, gels have been 
produced with much smaller molecules based on aromatic dipeptide derivatives. These 
gelators possess a short sequence of amino acids (as few as two or three) as well as an 
aromatic moiety, such as an N-terminal fluorenyl-9-methoxycarbonyl (Fmoc) group or 
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naphthalene. These short peptide molecules can form stable soft materials that feature 
characteristic gel-like rheological behavior and offer promising potential for a variety of 
applications. The most widely studied such molecule is the dipeptide 
Fmoc-diphenylalanine, abbreviated as Fmoc-FF (Figure 1.1). A number of publications 
report that the self-assembly process of this molecule can be triggered by a change of 
pH7-10 or the addition of water to a solution of the peptide,11-14 upon which gels of 
substantial elasticity (105 Pa) are formed at low concentrations (less than 1 wt%). 
 
Figure 1.1. Fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF). 
 
However, while Fmoc-FF and similar small molecules have recently attracted a 
considerable amount of research, the mechanism of their formation remains poorly 
understood. Existing studies of the gels are largely observational and often focus mainly 
on the effects of changing the amino acid sequence or switching the aromatic group on 
the resulting structure and elastic modulus, providing little insight into the mechanisms of 
the self-assembly processes. While the ability to synthesize small molecules offers great 
potential to create unique gelling species, their design is currently based on trial and 
error. The behavior of a specific molecule in a particular system depends on many 
factors, such as composition, type of solvent, temperature, pH, etc. The propensity of a 
molecule to self-assemble, the resulting stability, structural and mechanical properties 
will be greatly affected by these factors. The design of molecules for a specific 
application and understanding these effects becomes increasingly difficult without a 
deeper knowledge of the nature of the interactions that drive self-assembly and general 
fundamental principles of the underlying thermodynamic processes.  
O
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The aim of this thesis is to explore the possible mechanisms for molecular gel 
formation within the framework of current gel theories, using Fmoc-diphenylalanine 
(Fmoc-FF) as a model gelator. In the remainder of this chapter, we present a short 
summary of the characteristics of typical gel systems and draw similarities and contrasts 
with Fmoc-FF molecular gels. This will provide background and context for the 
discussions presented in the following chapters. 
 
1.3. Chemical Gelation of Polymers 
In polymer gels, the gel transition is often associated with chemical gelation, in 
which chemical crosslinking of polymer chains results in the formation of a 
space-spanning network with finite shear modulus where a viscosity cannot be defined 
for continuous shear and this deformation degrades the material.1,15 The chemical 
gelation process can be described by percolation theory, based on the probability of 
independent bond formation, in which the gel point is defined by the appearance of an 
infinite spanning network. As the transition point is approached, marked by the formation 
a critical fraction of possible bonds and the cessation of the capacity of the material to 
sustain steady flow, the cluster size distribution scales as a power law of the cluster size, 
while the radius of gyration grows as the cluster size to the power of the inverse of the 
fractal dimension.15 The elastic modulus, G', of the crosslinked network is proportional to 
the number of crosslinks per unit volume, ν: G' ~ νkT, where kT is the product of 
Boltzmann’s constant and absolute temperature. 
The extended fibrous structures present in Fmoc-FF feature an absence of covalent 
bonds connecting the Fmoc-FF molecules. The bonds between subunits of the fibers 
result from hydrogen bonding and π-π stacking. Hence, Fmoc-FF gels cannot be 
considered polymeric in the classical sense. It is worth noting, however, that even in the 
absence of covalent bonds, the elastic moduli of Fmoc-FF gels at moderately low volume 
fractions are on the order of magnitude of densely crosslinked polymer networks 
(~ 105 Pa). 
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1.4. Physical Gelation in Colloidal Systems 
Physical gelation occurs as a result of intermolecular association leading to network 
formation, usually by colloidal particles, as well as associative polymers.1 A typical 
colloidal gel is a coherent mass consisting of a liquid in which particles are either 
dispersed or arranged in a network. The resulting material can be highly elastic (a 
common example would be fruit jelly) or solid and rigid (e.g. silica gel desiccants). The 
connectivity in these systems can be induced by thermal effects, depletion interactions, 
hydrogen bonds, hydrophobic effects, etc.1 These bonds have shorter lifetimes compared 
to chemical bonds. This allows particle clusters to break and reform at shorter timescales, 
which can result in self-healing properties of the material. Larger particle clusters can 
also grow at the expense of smaller aggregates, leading to coarsening and potentially 
eventual collapse of the structure.  
Colloidal gel formation is often based on interaction potentials that can be described 
by a strength and range of attraction. When the strength of attraction is increased (e.g. by 
lowering temperature or adding a depletant), the system shifts into a state of minimum 
free energy, which results in dynamically arrested localized configurations. As colloidal 
suspensions can undergo liquid-liquid or liquid-solid phase transitions, gelation can often 
occur at modest volume fractions within the spinodal region (Figure 1.2a). This is known 
as arrested phase separation (or arrested spinodal decomposition). In this scenario, if the 
phase separation boundary is crossed before dynamical arrest takes place, the system will 
produce colloid-poor and colloid-rich regions, which can arrest by crossing a “local” 
glass transition boundary. When a system is quenched to very high strengths of attraction 
at low volume fractions, the gel transition occurs through the formation of clusters of 
strongly (practically irreversibly) connected particles, which grow and stick upon contact. 
This mechanism is known as diffusion-limited cluster aggregation (DLCA). Since 
spinodal decomposition and DLCA are both characterized by irreversible processes 
(phase separation and cluster formation), they are considered non-equilibrium routes to 
gelation. 
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Figure 1.2. (a) Typical colloidal phase diagram; (b) Phase diagram for patchy particles. 
 
If phase separation is not intervening, and the system is able to form a stable particle 
network through a series of equilibrium states, an equilibrium gel can be formed. The gel 
state in this scenario is reached continuously from an ergodic phase, always allowing an 
equilibration time for the system to rearrange itself.1,16-17 This can be achieved by the 
formation of equilibrium clusters from microphase separation and stabilizing the cluster 
phases by introducing long-range repulsions. Another suggested route to equilibrium 
gelation is by inducing directional interactions between colloidal particles. In simulations 
of the effects of particle anisotropy on states of self-assembly, Zaccarelli and Sciortino 
investigated the role of patchy interactions in which a low coordination number for 
possible bond formation enhances the driving force for network formation.1,16-17 These 
simulations indicate that as the number of bonds a particle can make decreases, the 
spinodal region shifts to lower volume fractions and requires stronger attractions 
(Figure 1.2b), thereby reducing the tendency of the system to phase separate. This effect 
is especially pronounced when the number of attractive patches is less than 6. The 
implication of this approach is that there is a wide region at low volume fractions where 
the system can be equilibrated with increasing attractions without an intervening phase 
separation. The simulations indicate that at a fixed particle volume fraction, particle 
diffusivities drop as the strength of attraction increases and equilibrium gels can be 
formed at very low particle volume fractions, featuring elongated microstructures of high 
aspect ratios.1,16-17 For particles with weak attractions, gels or glasses can be formed 
when particles are localized by nearest neighbors. For these systems gelation has been 
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predicted by mode coupling theory in which the collective actions of surrounding 
particles localize a central particle limiting its long time self-diffusion resulting in long 
stress relaxation times and elasticity. These systems have been shown not to fall out of 
equilibrium, i.e. the glasses and gels formed from dense weakly attractive suspensions 
can be seen away from thermodynamic phase transition boundaries. While the theories 
have been extended to low volume fractions, controversy occurs in the meaning of the 
predictions as, depending on the details of the pair potential, spinodals are often 
encountered.  
Molecular gel formation arises from physical interactions such as hydrogen bonding 
and π-π stacking. In this regard, they can be treated as particulate gels in which the 
particles are of sub-nanometer size. Furthermore, as it will be shown in the following 
chapters, the ability of Fmoc-FF gels to reform upon mechanical and thermal disruption 
is a strong indicator that the molecules are in equilibrium in the gelled state. Thus, the 
concepts presented in the simulation work of Zaccarelli and Sciortino and their 
applicability to Fmoc-FF will be investigated in detail in the following chapters.  
 
1.5. Crystallization 
In some colloidal systems, increasing attractions can result in an order-disorder 
phase transition resulting in colloidal crystals Gel formation due to arrested phase 
separation is typically associated with a broad particle size distribution, while 
crystallization is expected for low polydispersity. The spinodal defining a 
dilute-concentrated or liquid-liquid phase separation occurs at concentrations larger 
(temperatures lower) than the crystallization boundary. The generalized nature of phase 
transition boundaries has been studied extensively for colloidal particles and extended to 
small molecules and proteins.18-19 First order phase transitions are characterized by a free 
energy barrier to nucleation arising from a balance between the enthalpic and entropic 
forces driving the creation of a solid surface. Overcoming the nucleation barrier results in 
the formation of a critical nucleus and is associated with an induction time. 
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Fmoc-FF fibers show a great deal of internal structure,10 which could be considered 
crystalline-like. Moreover, treating the system as a solution of monodisperse particles 
would indicate the possibility of a first order phase transition and frustration of arrested 
phase separation. These concepts will be explored in detail in Chapters 5 and 6. 
 
1.6. Self-Assembly of Rodlike Micelles 
Self-assembly is often associated with surfactant molecules that are composed of a 
polar head group and a nonpolar tail group. At a high enough concentration, known as the 
critical micelle concentration (cmc), these amphiphilic molecules undergo self-assembly 
into three-dimensional structures with distinct molecular regions exposed to the solvent 
or obscured from it.20 Surfactants possess various types of head groups (anionic, cationic, 
zwitterionic, or nonionic, small and compact or chain-like, etc.) and hydrophobic tail 
groups (one or multiple chains, branched or ring structures, etc.) and form structures of 
different shapes (spherical, cylindrical, vesicular or lamellar bilayers, etc.). In particular, 
cylindrical or rodlike micelles feature rods of circular cross-section with the polar heads 
positioned on the periphery and the tails filling the interior, with the ends of the rod being 
capped off with polar heads. 
The first quantitative model for surfactant aggregation introduced by Tanford’s 
principle of opposing forces.20 Tanford proposed that the standard free energy change 
associated with the transfer of a surfactant from its infinitely dilute state in water to an 
aggregate of finite size has three contributions: (1) a negative free energy contribution 
arising from the transfer of the tail from its unfavorable contact with water to a favorable 
environment in the aggregate core, responsible for driving the aggregation; (2) a positive 
term due to residual tail contact with water, which promotes aggregate growth; (3) the 
positive free energy due to head group repulsions, responsible for limiting aggregate 
growth.20 Building on Tanford’s model, Israelachvili et al. developed a simple theory of 
self-assembly by taking into account the competing entropic effects and geometric 
packing constraints allowing the transition from globular to rodlike micelles.21  
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The principal idea of these micelle theories lies in the balance of energetic and 
entropic forces determining the propensity of molecules to self-assemble. The critical 
condition for micelle formation is determined by the monomer concentration; when the 
cmc is reached, there is no barrier to the self-assembly process and aggregation into 
micelles takes over. Albeit not a surfactant in the classical sense, the Fmoc-FF molecule 
features polar and nonpolar regions and thus acts as an amphiphile. The entropic effects 
manifested as interfacial energies driving fiber formation in Fmoc-FF systems will be 
commented upon in Chapters 5 and 6. 
 
1.7. Research Questions  
Based on their remarkable structural and mechanical properties, many applications 
have been proposed for Fmoc-FF and other peptide-based molecular gels. However, 
limited efforts have been focused on understanding the origin of the gel transition of 
these systems, the conditions under which the gelation process occurs, and how system 
variables alter the structural and rheological properties of the gel. Stability, response to 
external stimuli, and reversibility of mechanical properties once disrupted are important 
factors in any potential application of molecular gels.   
The reversible nature of Fmoc-FF gels indicates that the peptide molecules are in 
equilibrium in the gelled state. One of the key challenges of this thesis is establishing 
whether Fmoc-FF molecular gels are true equilibrium gels as represented by the theories 
of Zaccarelli and Sciortino,1,16-17 or are formed as a result of a first order phase transition 
and exist as entangled crystals. The nature of the Fmoc-FF molecule indicates that it 
could be regarded as a platelet-like patchy particle that has a propensity to form a 
network without an interfering phase separation as predicted by simulations. On the other 
hand, the absence of an arrested phase separation and highly ordered molecular packing 
in the fibers could be indicative of a crystallization process.  
We use Fmoc-FF as a model gelator molecule and explore these issues with the aim 
to discover the general principles of molecular gel formation that can extend to all 
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peptide-based and other classes of low molecular weight gelators. Some of the key 
questions that will be addressed are: 
(1) How is the strength of attraction controlled in solutions of Fmoc-FF? 
(2) Can a phase diagram be developed for these systems? 
(3) How do composition, temperature, and type of solvent affect the structural and 
mechanical properties of the gels? 
(4) How are the nanoscale dynamics related to the macroscopic mechanics?  
The stated issues will be explored by systematic characterization using optical, 
rheological, scattering, and spectroscopy techniques. The experimental observations will 
be interpreted and discussed within the framework of current soft matter theories and 
conclusions will be drawn in relation to the nature of the gel transition. 
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Chapter 2 
Mechanical Properties of Fmoc-FF Gels† 
2.1. Introduction 
A variety of low molecular weight species can form gels at low concentrations 
(frequently less than 2 wt%). This tendency is associated with anisotropic molecular 
interactions.1 When the gelation process is triggered, commonly by a change in the pH or 
temperature of the solution, the gelator molecules assemble into strongly anisotropic 
structures, most commonly branched fibers that fill space, inducing solid-like mechanical 
properties. These molecular gels have characteristics distinct from typical polymeric and 
colloidal gels.  
The typical polymeric gel is formed through covalent crosslinking reactions that 
result in a space-spanning network with a finite low frequency elastic modulus.2 Steady 
deformation of these materials is not possible without mechanical degradation of the 
crosslinked material such that it results in destruction of the material’s elastic properties. 
Elasticity is associated with deformation of chains constrained between crosslinking sites 
and is proportional to the crosslink density, yielding a modulus on the order of ~ νkT, 
where ν is the number of moles of elastic chains per unit volume of the network and kT is 
the product of Boltzmann’s constant and absolute temperature.3 Typical moduli for 
polymer networks are on the order of 105–107 Pa at ν of approx. 10–1–102 mol/m3.4 In 
molecular gels, the fibrous networks are formed via non-covalent interactions. As a 
result, if these materials experience thermal activation, rearrangements can be seen on 
                                                
 
† Reprinted with permission from: N. A. Dudukovic and C. F. Zukoski, “Mechanical Properties of 
Self-Assembled Fmoc-Diphenylalanine Gels”, Langmuir 2014, 30, 4493-4500. 
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timescales associated with soft matter (seconds to hours). If disrupted, the materials can 
rebuild strength and elasticity upon cessation of shear. In this sense, molecular gels are 
similar to those produced by aggregation of colloidal particles.   
Colloidal gels are typically associated with aggregation of particles greater than ~5 
nm in size experiencing short-range attractions, typically of van der Waals or depletion 
origin.5 A large number of studies have investigated gelation in terms of the idealized 
colloidal particle being a sphere experiencing centrosymmetric attractions. In molecular 
gels, the building blocks are individual molecules, which can thus have sizes smaller than 
1 nm, and the networks are formed through hydrogen bonding, π–π stacking, van der 
Waals, hydrophobic and electrostatic interactions. These interactions have the potential to 
give rise to specific structures with regular stacking distances associated with the 
particular molecular geometry. The characteristic modulus of a colloidal gel is 
~ ϕkT/D3 (σ/D)2, where ϕ is the particle volume fraction, σ is the particle diameter and D 
is the range of the attractive potential. At the gel point, a typical value of D/σ is 0.1 and 
decreases rapidly with increasing volume fraction above the gel point. For colloidal 
particles of 100 nm in diameter, typical elastic moduli can range from 10–104 Pa at 
volume fractions of approx. 0.2–0.6.6,7 
Crosslinked polymer gels are largely irreversible in that if bonds are broken, the gel 
is destroyed, while in molecular and colloidal gels, it is not unusual for the gels to shear 
thin and recover at rest. While colloidal gels are formed with relative ease, molecular gels 
are restricted to classes of molecules whose properties remain poorly understood, but 
which experience strongly anisotropic interactions and are difficult to crystalize into 
densely packed well-ordered solid phases. However, molecular gels often show a great 
deal of internal structure associated with the highly anisotropic nature of the molecular 
interactions. 
Over the past decade, self-assembling systems based on peptides and their 
derivatives have gained considerable attention and offered new directions in designing 
materials with unique structural, optical, mechanical and biological functionalities.8,9 The 
properties of peptide-based systems are inferred from the presence of naturally occurring 
amino acids, which determine the interactions between different peptides. Thus, these 
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structures can be based on helices and coiled-coils, ß-sheets, ß-hairpins, and amphiphilic 
and aromatic interactions.10 By exploiting the mentioned biological architectures, 
nanostructured hydrogels can be formed from peptides in aqueous solutions, which have 
seen an increasing number of potential applications in tissue engineering, drug delivery, 
nanofabrication, and biosensing.11 In most cases, the peptide components of these 
systems are composed of 10 or more amino acids. However, recently, a class of 
hydrogels made with much smaller molecules, based on aromatic dipeptide derivatives, 
has been developed. In particular, certain dipeptides possessing an N-terminal fluorenyl-
9-methoxycarbonyl (Fmoc) group form stable hydrogels that possess characteristic gel-
like rheological behavior.12 For one such molecule, Fmoc-diphenylalanine (Fmoc-FF) 
(Figure 2.1), the self-assembly of the hydrophobic amino acid side chains is modulated 
by the π–π interactions between the Fmoc-groups.13–17 A molecular model for the self-
assembled structure formed by this system based on lateral π–π stacking of antiparallel 
Fmoc-FF ß-sheets has been proposed in the literature by Ulijn et al.16 
 
Figure 2.1. Chemical structure of Fmoc-diphenylalanine. 
 
Based on their microscopic structure, many applications have been suggested for 
Fmoc-FF and other peptide-based molecular gels.10–18 However, limited efforts have 
focused on understanding the origin of the gel transition of these systems, the conditions 
under which the gelation process occurs, and how system variables alter the mechanical 
and rheological properties of the gel. Stability, resistance to mechanical disruption and 
reversibility of mechanical properties once disrupted are all of great importance in gel 
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applications. Furthermore, as molecular gels are a fairly novel class of material, their 
place in the gel state theory remains to be established.  
Here, we explore a model molecular gel that forms when water is added to a 
solution of Fmoc-FF in dimethyl sulfoxide (DMSO). We present a systematic study of 
the gelling behavior of a three-component system in which a gel line is established over a 
range of Fmoc-FF and water concentrations, and the mechanical properties of the gels are 
probed. We demonstrate that these materials fall into a universality class where the elastic 
modulus grows with peptide volume fraction in a power law manner. Further, we show 
that upon cessation of flow, bonds have a sufficiently low barrier to reformation that 
thermal motion results in rebuilding of the material properties to their original strength. 
We end with a discussion of the origin of the gels and how they fit into current states of 
understanding of the physical processes giving rise to gelation.  
 
2.2. Experimental Section 
2.2.1. Materials. Fmoc-diphenylalanine (Fmoc-FF) in powder form was purchased from 
Bachem (Bubendorf, Switzerland) and used without further purification. Dimethyl 
sulfoxide (99.5% purity) obtained from Sigma-Aldrich was used as a solvent. All 
experiments were performed with deionized water (resistivity 16.7 MΩcm). 
2.2.2. Gel Preparation. The mass of required Fmoc-FF in solid form was measured on a 
scientific electronic scale with 0.001 g precision. The measured amounts of the peptide 
were dissolved by addition of DMSO at selected concentrations, after which the samples 
were vortex-mixed for 2 minutes until the solid was fully dissolved and a clear solution 
was obtained. The solutions were then mixed with water at various ratios in order to 
obtain the desired final concentrations. All gel samples used in the experiments were 
prepared at room temperature. 
2.2.3. Gel Point Determination. In order to establish the point of gel transition, i.e. to 
determine the relationship between critical Fmoc-FF and water concentrations that give 
rise to gel formation, titration experiments were performed. Solutions of Fmoc-FF in 
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DMSO of 1 mL volumes were prepared at selected concentrations in 7 mL vials. Each 
solution was then titrated with 10 µL droplets of deionized water, followed by mixing 
and a waiting time of 5 minutes, and the procedure was repeated until a gel was formed. 
The adopted criterion for establishing gel formation was that the sample did not exhibit 
flow within a time of 5 minutes after the last water droplet addition (vial inversion test).   
2.2.4. Transmission Electron Microscopy (TEM). Gel samples were prepared as 
described above. Upon the addition of water to the Fmoc-FF/DMSO solution, the sample 
was quickly mixed and a 10 µL droplet was transferred onto a glass surface, before the 
gel transition occurred. A 400 mesh carbon coated copper grid (SPI Supplies) was placed 
on the sample droplet for 30 s and then removed and stored overnight. Micrographs were 
collected using JEOL 2100 Cryo and JEOL 2010 LaB6 transmission electron 
microscopes operating at 200 kV. 
2.2.5. Mechanical Properties Measurements. Rheology experiments were performed 
on a Bohlin CS stress-controlled rheometer equipped with a simple solvent trap and a 
thermostat set to a temperature of 25 ºC. A 4º/40 mm cone and plate geometry was used 
for all measurements, with the exception of yield and reversibility testing, where a C14 
DIN coaxial cylinder cup and bob geometry was employed. Gel samples were prepared 
as previously described. As soon as water was added to the Fmoc-FF/DMSO solution, the 
sample was mixed and 1.5 mL was quickly transferred onto the rheometer plate (or into 
the cup). The cone (or bob) was lowered into the measurement position while the sample 
was still in liquid form (before the onset of gel transition), after which the measurement 
was started immediately. The elastic and viscous moduli were measured at an oscillating 
stress (50 Pa) and frequency (1 Hz) in the linear viscoelastic region. Gel reversibility was 
investigated by inducing high shear stress on the sample in order to cause it to yield. A 
lower shear stress (50 Pa) was applied at constant frequency (1 Hz) until the elastic 
modulus reached a plateau value. The shear stress was then increased to 550 Pa at the 
same constant frequency until the gel yielded, which was indicated by the viscous 
modulus becoming greater than the elastic modulus. Once the sample had yielded, the 
shear stress was reverted to its original value of 50 Pa and the elastic and viscous moduli 
were monitored to observe whether the gel is reforming. 
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2.3. Experimental Results and Observations 
A number of studies on Fmoc-FF gels have reported a gel preparation technique that 
involves the dissolution of the peptide molecule in an aqueous solution at elevated pH 
and then adjusting the pH of the solution by acid titration at elevated temperature, 
followed by cooling overnight.11–16 Here we focus on a simple preparation method based 
on dissolving Fmoc-FF in a solvent (DMSO), followed by the addition of water to the 
solution at room temperature, as proposed by Gazit et al.17,18 Thus, the resulting gel is a 
three-component system with a clearly defined composition.  
Upon addition of water, the initially clear, liquid solution of Fmoc-FF in DMSO 
undergoes a rapid precipitation reaction leading to a turbid, opaque white mixture. This 
opacity indicates the presence of structures of sizes large enough to scatter light. Over a 
short period of time (< 5 min), the sample either gradually shifts back to a transparent 
solution, or the solution gels (Figure 2.2). Below a critical water concentration, the 
resulting solution is clear, colorless and stable for weeks. This suggests that when water 
is introduced in the system, the Fmoc-FF molecules precipitate into large clusters and 
over time redissolve or form structures of dimensions that weakly scatter light. This has 
also been observed previously for Fmoc-FF/DMSO/water systems.18,19 In a similar 
peptide gel system based on Fmoc-leucine-glycine (Fmoc-LG), it has been reported that 
upon mixing the peptide solution with water, spherical Fmoc-LG particles are formed, 
some of which become nucleation points for fiber growth, ultimately resulting in the 
formation of a network.20  
 
Figure 2.2. Fmoc-FF gel preparation and opaque-to-clear transition.  
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Figure 2.3. TEM micrographs showing the fibrous structure of an 
Fmoc-FF gel. The characteristic diameters are estimated to be on the 
order of 10-50 nm. 
 
Above the critical water concentration, the solutions form gels over periods of time 
that decrease as the Fmoc-FF concentration increases. The structure of the fully formed 
gel features a space-filling fibrous network (Figure 2.3). At elevated Fmoc-FF 
concentrations, the gels remain slightly hazy, indicating that the initial precipitated phase 
does not completely redissolve or the structures formed are of sufficient size to scatter 
appreciable light.  
The data points in Figure 2.4 represent gel points obtained by adjusting the sample 
compositions along diagonal lines between the point of pure water (xH2O = 1) and points 
of Fmoc-FF/DMSO solutions of various concentrations, in the direction of increasing 
water concentration. Here xH2O is the concentration (by volume) of water in the final 
solution and ϕFmoc-FF is the volume fraction of Fmoc-FF in the final solution. The volume 
fraction of Fmoc-FF was calculated under the assumption of ideal mixing as: 
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φFmoc−FF =
(m/ρ)Fmoc−FF
VH2O +VDMSO + (m/ρ)Fmoc−FF  
where ρFmoc-FF = 1.3 g/cm3 is the density of pure Fmoc-diphenylalanine in a melt. The 
obtained curve exhibits a power law behavior described by [xH2O]g = 0.08[ϕFmoc-FF]g–0.285 
(the subscript g denotes the gel point) over the observed concentration range of two 
decades. It can also be seen that stable gels are obtained even at exceptionally low 
volume fractions of Fmoc-FF (ϕFmoc-FF ~ 10–4).  
 
Figure 2.4. Gel line for Fmoc-FF gels in DMSO and water obtained by titration experiments. The data 
points represent the gel points at different concentrations, i.e. the first point for which the sample exhibits 
no flow (after a waiting time of 5 minutes). ϕFmoc-FF represents the volume fraction of Fmoc-
diphenylalanine in the gel; xH2O is the final water concentration in the gel (by volume). Inset: two gel points 
were chosen for the investigation of the changes in mechanical properties along lines of constant 
xH2O (0.4 and 0.5; horizontal direction) and ϕFmoc-FF (0.002 and 0.004; vertical direction).
 
We attribute the decreasing Fmoc-FF concentration at the gel point with increasing 
water concentration to an increasing strength of inter-particle attraction and associate this 
with the hydrophobicity of the Fmoc-FF molecule.21 Increasing water concentration 
increases the strength of hydrophobic attraction and provides protons to enable hydrogen 
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bonding. When the strength of attraction and concentration are sufficiently high, the 
Fmoc-FF molecules aggregate into structures where they are localized through 
short-range interactions (π–π stacking and hydrogen bonding). The gel line shown in 
Figure 2.4 is thus an indication of the conditions where interparticle attractions are 
sufficient to overcome the entropy of dispersed molecules and drive localization.  
In order to establish the effects of Fmoc-FF and water concentration on the 
mechanical properties of the gels, elastic (G') and viscous (G'') moduli at diverse 
compositions were measured around two selected points on the gel line 
(Figure 2.4, inset): 
• ϕFmoc-FF = 0.002 and xH2O = 0.5 
• ϕFmoc-FF = 0.004 and xH2O = 0.4 
The modulus measurements were performed on samples of different compositions, by 
keeping the water concentration fixed and systematically varying the Fmoc-FF volume 
fraction (i.e. changing the composition in the horizontal direction, Figure 2.4) and vice 
versa (samples of varying water concentration at fixed Fmoc-FF volume fraction, i.e. in 
the vertical direction). 
The oscillation measurements reveal that even though G' grows to being larger than 
G'' for all samples in less than 5 minutes, the modulus does not reach a steady elastic 
modulus for a number of hours. An example of this behavior is shown in Figure 2.5 for 
fixed water concentration of xH2O = 0.4 and various Fmoc-FF volume fractions. The slow 
approach to a steady modulus indicates equally slow formation of structures that carry 
elastic stress. The gel modulus increases with both xH2O and ϕFmoc-FF (Figures 2.6 
and 2.7) suggesting, not surprisingly, that elasticity grows with concentration of the 
material producing interconnected structures and that the water concentration increases 
the strength of attraction between the Fmoc-FF molecules. Of significance are the 
remarkable values of the steady elastic modulus, on the order of magnitude of 105 Pa for 
gelator volume fractions of 0.008–0.018, which are comparable to those obtained at much 
higher volume fractions for colloidal gels (ϕ > 0.5) mentioned earlier. The magnitudes are 
similar to values found for chemically crosslinked polymer networks; however, in this 
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system there is an absence of covalent bonds between the Fmoc-FF molecules. Further, if 
we used the idealized rubber elasticity theory, we would expect the distance between 
crosslinks to be on the order of v–1/3 ~ 10 nm to produce the measured modulus.  
 
Figure 2.5. Temporal evolution of the elastic modulus of Fmoc-FF gels of different volume fractions, at 
water concentration xH2O = 0.4. After the initial increase associated with the gel transition (t < 5 min), the 
modulus continues to grow over a period of hours until a constant plateau value is reached. 
 
 
Figure 2.6. Elastic modulus of gels as a function 
of Fmoc-FF volume fraction at water 
concentrations xH2O = 0.4 and xH2O = 0.5. The 
increase in ϕFmoc-FF results in stiffer gels.
 
Figure 2.7. Elastic modulus of gels as a function 
of water concentration at Fmoc-FF volume 
fractions ϕFmoc-FF = 0.002 and ϕFmoc-FF = 0.004. 
The increase in xH2O results in stiffer gels.
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By scaling the volume fraction of Fmoc-FF (ϕ) in the gel of each data point with the 
Fmoc-FF volume fraction at the point of gel transition (ϕgel) at the same water 
concentration, and scaling the elastic modulus (G') of each data point with the modulus at 
the point of gel transition (G'gel) at the same water concentration, we find that the moduli 
have the same dependence on distance from the gel point (Figure 2.8) and are described 
as G'/G'gel ~ (ϕ/ϕgel)2.5.  
 
Figure 2.8. Elastic modulus data from Figures 6 and 7 plotted as G'/G'gel vs. ϕ/ϕgel, where ϕgel and G'gel are 
the volume fraction and modulus at the gel point. All the data shows a universal power law behavior and 
collapses onto a single line with a slope of 2.5.
 
This power law behavior in which the modulus scales as G' ~ ϕs, is commonly 
reported for gelling systems with the value of the exponent s typically taking values 
between 3 and 6 for colloidal gels,22–24 around 2.2 for crosslinked biopolymer 
networks25-28 and 1.4 for entangled semi-flexible networks.29 For the limited number of 
studies on the elastic properties of systems that form fibrous structures formed by 
molecular self-assembly through π–π stacking, ß-hairpin peptide hydrogels30,31 and 
molecular hydrogels from bile acid analogues,32 it has been reported that G' ~ ϕ2.5. Thus, 
the Fmoc-FF gels have properties consistent with materials with similar structures 
composed of self-assembled molecules. Moreover, the scaling exponent of 2.5 falls 
within the range predicted by different dynamic localization models based on mode 
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coupling theory (between 2 and 3), which characterize the mechanical properties of 
molecular glasses and colloidal gels in terms of equilibrium microstructures and a 
dynamic potential characterizing collective barriers to diffusion.33,34  
Gel reversibility was investigated by applying a high oscillatory shear stress to a 
gelled sample in order to cause it to yield, followed by monitoring the elastic modulus 
under low shear. It was found that after the gel yields (the crossover point where G'' > 
G'), upon cessation of shear, moduli successfully rebuild to approximately their original 
values (Figure 2.9). This yielding and reforming process could be performed a number of 
times in succession, with the gel always regaining its initial elastic strength. The capacity 
of the Fmoc-FF gels to rebuild upon disruption is a characteristic of soft materials, and 
indicates restoration of the structure and thus rebuilding of Fmoc-FF bonds, suggesting 
bonds are sufficiently weak that under the average thermal energy of the system, 
equilibrium can be achieved. Similar observations have been reported by Gazit et al. and 
Adams et al. who have reported recovery after massive deformation and for a variety of 
different preparation methods.17,35  
 
Figure 2.9. Recovery of an Fmoc-FF gel (ϕFmoc-FF = 0.01; xH2O = 0.4) after mechanical disruption. When the 
shear stress is increased, the gel yields (G' < G''). When the shear stress is reduced, the gel rebuilds 
(G' > G'') to its original mechanical strength. 
 
 
0 20 40 60 80 100 120
102
103
104
105
106
G
', 
G
'' (
Pa
)
Time (min)
 G'
 G''
  25 
2.4. Discussion  
Fmoc-FF molecules in DMSO self-assemble into space spanning fibers when 
exposed to water. These structures give rise to gels with large moduli at molecular 
volume fractions as low as 10–4. The volume fraction dependence of the moduli is similar 
to those seen in similar gelators that form fibers. The elasticity is associated with fiber 
stiffness as opposed to crosslinks between flexible chains.  Here we discuss the nature of 
this gel transition in terms of a localization event driven by attractions between particles 
with anisotropic geometries experiencing chemically anisotropic interactions.   
One possible interpretation of the observed solidification of the Fmoc-FF solutions 
upon addition of water is that the solubilized Fmoc-FF molecules pass through a 
solubility boundary, undergoing a phase transition to form an equilibrium crystalline state 
composed of extended crystalline structures. Mitigating against this interpretation is the 
ability of the gels, once disrupted by shear, to reform. If the structures were those created 
by passing to a lower free energy associated with a long range ordered packing of the 
molecules and gelation is the result of arresting that crystallization process by 
aggregation of crystals, mechanical disruption of the intergrown crystals would destroy 
the gel and create the opportunity for ripening which would reduce the surface free 
energy of the crystals but not lead to reformation of gels. Gel recovery once disrupted by 
strong mechanical agitation is thus a strong indicator that the gels are at an equilibrium or 
at least a deep free energy minimum state. 
In the colloidal literature, which most commonly treats spherical particles 
experiencing isotropic interactions, gelation is associated with a transition in particle 
dynamics. These models assume that at all volume fractions below close packing, the 
particles are at equilibrium. However, if disturbed, the relaxation times to achieve that 
equilibrium are limited by collective interactions which limit the rate density fluctuations 
can relax to equilibrium.  
In the dynamic localization models for colloidal gelation, at low volume fractions, 
particles undergo self-diffusion with diffusivities near their infinite dilution value. As 
volume fraction is raised, over a narrow range of volume fractions, particles become 
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localized in a cage of nearest neighbors. This cage gives rise to a separation of time 
scales. At short times, the particles can rapidly diffuse within the cage. However, the 
long-range diffusion required to achieve equilibrium is limited by cage dynamics. In 
mode coupling theory and its variants, this is understood in terms of force correlation 
functions. At short times, the forces are highly correlated and localize particles, limiting 
long-range diffusion. At long times, the forces on a single particle due to its neighbors 
become decorrelated allowing for long-range diffusion. Recently, this hindered diffusion 
has been rewritten in terms of a dynamic potential that limits the rate of particle diffusion 
but not the equilibrium structure.33,34 At low volume fractions, the dynamic potential 
drives particles to diffuse from an initial location. Above a crossover volume fraction, the 
dynamic potential develops a minimum. The particles remain trapped within that 
dynamic potential well until they diffuse over a maximum in the dynamic potential. The 
rate of diffusion over this barrier establishes the relaxation time of the system. Consistent 
with experiments, these theories show that relaxation times change rapidly in the vicinity 
of a particular volume fraction. The minimum in the dynamic potential is produced by 
crowding (increased particle volume fraction) and by attractions between the particles. 
These theories were originally developed to describe glass formation in dense hard sphere 
systems where the concept of cages of nearest neighbors producing a dynamic potential 
produced by volume exclusion interactions has an intuitive appeal, these theories have 
been extended to account for interparticle attractions where both volume exclusion 
caging and attractive potential bonding are captured. With increasing strength of 
attraction, these theories predict localization at vanishing volume fraction.34 Localization 
occurs at a crossover volume fraction marking the onset of collective dynamics. This 
volume fraction demarks the point where the characteristic relaxation time increases 
rapidly. Given a pair interaction energy, these theories are able to predict both the 
crossover volume fraction, changes in characteristic relaxation times, and the volume 
fraction dependence of the gel mechanical properties above this crossover. Gelation is 
associated with relaxation times becoming longer than an experimentally determined 
value.  
Dynamic localization theory makes these predictions from force correlation 
functions based on integrals over the particle structure factor and are dominated by 
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short-range structures. As a result, this theory predicts the crossover volume fraction, 
relaxation times and elasticities are insensitive to mesoscopic structures such as 
characterized by a gel’s fractal dimension. Focusing primarily on spheres experiencing 
centro-symmetric interactions, little progress has been made for shape-anisotropic 
particles experiencing anisotropic chemical interactions. Nevertheless, as these theories 
contain no intrinsic length scale and thus are applicable to particles of molecular size as 
well as to Brownian colloidal particles of sizes 5 nm and larger.  
While the analytical theories have not been developed to describe particles with 
interactions similar to those experienced by Fmoc-FF molecules, molecular dynamic 
studies on particles able to form a limited number of interparticle bonds suggest that at 
very low volume fractions particles are localized and can form extended structures with 
long lifetimes resulting in low particle self-diffusivities consistent with the observations 
on the Fmoc-FF gels described here.5,36  
In these mode coupling inspired theories, gelation by localization is not associated 
with a phase separation into a lowest free energy state and thus can occur far from phase 
boundaries. However, as gelation is associated with increasing volume fraction and 
increasing strength of attraction, both of which tend to drive phase separation, 
distinguishing gelation due to localization from gelation due crossing an underlying 
phase boundary and aggregation of the resulting solids can be difficult.5 This is especially 
true under conditions where the particles experience anisotropic interactions such that 
localization by attraction necessarily gives rise to periodic order. Thus, while the 
rebuilding of the Fmoc-FF gels upon shear indicates we are not forming crystals, it is 
instructive to consider why equilibrium phase transitions may not be observed.  
If particles (molecules) in solution experience short-range attraction and have a 
sufficiently narrow size distribution, increasing volume fraction or strength of attraction 
will result in crystallization, whereas for a broad particle size distribution the suspensions 
will form glasses or gels. Equilibrium liquid-liquid phase transitions occur for longer 
range attractions where the critical point for spherical particles experiencing 
centro-symmetric interactions occurs at a volume fraction of 0.2–0.25. For short-range 
interactions, the critical point lies below the crystallization line and is often predicted to 
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occur near the crossover volume fraction where long-range diffusion rapidly slows (often 
taken as the gel point) such that some colloidal gels are formed from arrested spinodal 
decomposition.37,38 For these systems, if the crystalline phase nucleates sufficiently 
slowly that the metastable liquid phase can be observed.39 For some protein molecules, a 
rapid quench to high attractions will produce gels that over time reassemble into 
crystals.40  
These general observations suggest that Fmoc-FF gels do not form crystals with 
increases in strength of attraction. We hypothesize that the absence of crystallization in 
the Fmoc-FF gel system studied here can be explained by frustrations produced by the 
length of the peptide sequence. The dipeptide molecule can be represented as a tethered 
platelet, in which the Fmoc-group corresponds to the platelet-like nanoparticle and the 
two phenylalanine groups form the tethering chain. The assembly process of 
single-tethered nanoparticles has been modeled by Schweizer et al., showing that when a 
relatively short polymer chain is attached to a spherical nanoparticle, remarkably 
different phase behavior can be achieved compared to nanoparticles with no tethers.41 
Increasing tether length enhances local particle clustering, but decreases cluster size. 
Glotzer et al. used computer simulations to demonstrate that imparting anisotropy by 
introducing tethers to differently shaped colloidal nanoparticles can result in a variety of 
self-assembled structures.42 In experiments where tethers of different lengths are attached 
to anthracene, short tethers resulted in crystal formation while long tethers resulted in 
gels.43,44 These experiments and simulations suggest that there is a critical tether length 
that energetically or kinetically limits crystal formation. We hypothesize that tether 
length may be important in our observations that in a peptide/DMSO/water system 
Fmoc-FF forms a gel, while Fmoc-F precipitates into crystalline clusters under similar 
preparation conditions.   
In the absence of the ability to crystallize, numerous studies indicate that as the 
strength of interparticle or intermolecular attractions increase, suspensions will undergo a 
liquid-liquid phase transition analogous to a gas-liquid phase transition in a 
single-component molecular system.5 As no equilibrium liquid-liquid phase transition is 
observed in the Fmoc-FF system, we can assume that if a spinodal for liquid-liquid phase 
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separation exists, it occurs at a strength of attraction stronger than is probed in these 
experiments. A second possible reason that no liquid-liquid phase separation is observed 
is that the particles form a limited number of bonds, which restricts the spinodal to large 
strengths of attraction and low volume fractions.5,36   
In simulations investigating the role of chemical anisotropy on states of 
self-assembly in systems that do not crystallize, Zaccarelli and colleagues investigated 
the role of patchy interactions in which a low coordination number for possible bond 
formation enhances the driving force for network formation.5 These simulations indicate 
that as the number of bonds a particle can make decreases, liquid-liquid phase transitions 
shift to lower densities and require stronger attractions, thereby reducing the tendency of 
the system to phase separate, especially when the number of attracting patches is less 
than 6 (i.e. when the particle can form less than 6 bonds). This implies that there is a wide 
region at low volume fractions where the system can be equilibrated with increasing 
attractions without an intervening liquid-liquid phase separation. The simulations indicate 
that at a fixed particle volume fraction, particle diffusivities decrease as the strength of 
attraction increases with the result that, if gelation is associated with a particular particle 
relaxation time, equilibrium gels can be formed at very low particle volume fractions. 
Microstructures seen in the simulations under these conditions tend to be highly 
elongated and anisotropic.  
The behavior predicted from these simulations of patchy particles resembles our 
observations with the formation Fmoc-FF gels. According to the fiber structure model 
proposed in the literature for pH-triggered Fmoc-FF gelation, the phenylalanine groups of 
one molecule to hydrogen-bond to those of a second molecule, while the Fmoc groups 
form π-stacks with others.16 If the same structure can be assumed for the 
Fmoc-FF/DMSO/water system, then the number of bonding sites on a single Fmoc-FF 
molecule in this system would be 4. Therefore, the tendency for Fmoc-FF system to 
undergo a liquid-liquid phase separation is reduced. If the tether length is sufficient to 
reduce the tendency to crystallize and the spinodal is not crossed, equilibrium gels would 
be formed.5  
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2.5. Conclusions  
When mixed with water, molecules of Fmoc-diphenylalanine dissolved in DMSO 
form gels over a very wide range of volume fractions. Upon first adding water to the 
Fmoc-diphenylalanine/DMSO solution, the mixture becomes opaque. In a short period of 
time (a few seconds to a few minutes), an opaque-to-clear transition occurs during which 
the solution gels. This process suggests that the initial addition of water drives the 
Fmoc-diphenylalanine from solution and that over time there is a reorganization into a 
lower free energy state, containing smaller objects that scatter less light, but which grow 
to span space and produce a gel.  
The gelation curve established for a broad range of Fmoc-FF and water 
concentrations indicates that increased attractions are needed to overcome the entropy 
produced by decreasing volume fractions. Rheological measurements show that gels of 
high stiffness can be formed at very low volume fraction exhibiting an increase in rigidity 
with increasing Fmoc-FF and water concentration. We report the existence of a universal 
scaling behavior for these samples where G' ~ G'gel (ϕ/ϕgel)2.5 with G'gel covering three 
decades and ϕgel covering two decades where both are controlled by water concentration. 
This scaling is consistent with that of materials of similar self-assembled structure, and 
fits the scaling predictions of localization models based on mode coupling theory, 
suggesting that the gel transition and mechanical properties could be described by the 
dynamic localization theory. Moreover, the gels repeatedly rebuild their original strength 
after yielding when sheared under high stresses, providing indication that Fmoc-FF gels 
can be considered equilibrium gels. 
The driving force for the gel transition comes from the hydrophobic nature of the 
Fmoc-FF molecules, and their ability to hydrogen bond. The strength of attraction leading 
to gelation can be controlled by the concentration of water in the system. Below a critical 
water concentration, the solution first turns opaque and then clears to form a liquid 
composed of single molecules or small aggregates; above this critical concentration, the 
attractions first produce an opaque solution which clears to form a gel composed of a 
fibrous network. The lack of crystallization of the Fmoc-FF molecules, in spite of a 
presumably narrow size distribution of particles, might be explained by the dipeptide 
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sequence tether frustrating the tendency of the molecule to crystallize. Furthermore, 
relating the patchy model theory described by Zaccarelli to the molecular structure model 
proposed by Ulijn implies that a first order liquid-liquid phase transition is avoided in the 
system with the result that the system forms equilibrium gels. 
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Chapter 3 
Evidence for Equilibrium Gels† 
3.1. Introduction  
Low molecular weight gelator molecules suspended in a liquid can form gels at very 
low mass fractions (< 1 wt%) due to highly specific interactions that result in the 
formation of fibers that branch, entangle and fill space.1 A specific class of gelators 
associated with aromatic short peptide derivatives possessing an N-terminal 
fluorenyl-9-methoxycarbonyl (Fmoc) group self-assemble into strongly anisotropic 
structures with high aspect ratios, creating fibrous networks that have long relaxation 
times and display large elastic moduli and yielding behavior under an applied load.2-16  
An example representative dipeptide, Fmoc-diphenylalanine (Fmoc-FF, 
Figure 3.1), forms molecular gels when fiber formation is triggered by a change in the 
pH or by the addition of water to a solution of Fmoc-FF in dimethyl sulfoxide (DMSO), 
upon which the molecules undergo a self-assembly process into a space-filling fibrous 
network. The building blocks of these fibers are individual molecules experiencing 
specific anisotropic interactions, associating primarily through π–π stacking and 
hydrogen bonding; thus, these materials differ significantly from polymeric networks, in 
which chemically crosslinked polymer chains give rise to solid-like properties.17 Physical 
gelation occurs in colloidal systems typically associated with particles of tens or hundreds 
of nanometers in size undergoing aggregation due to short-range attractions, which have 
been widely studied for spherical particles and centrosymmetric interactions.18 Hence, 
dipeptide-based molecular gels are also distinctive from classic particulate gels, as the 
                                                
 
† Reprinted with permission from: N. A. Dudukovic and C. F. Zukoski, “Evidence for Equilibrium gels of 
Valence-Limited Particles”, Soft matter 2014, 10(39), 7849-7856. 
 
  37 
particles (molecules) are of sub-nanometer size, the interactions are highly anisotropic, 
and the resulting aggregates are highly structured. 
 
Figure 3.1. Chemical structure of Fmoc-diphenylalanine.
 
Attractions between particles that have finite volumes have long been associated 
with first order gas-liquid phase transitions. More recently, these same concepts have 
been applied to mixtures of molecules or particles in a solvent where the potential of 
mean force between solute molecules is mediated by the solvent. The result is predictions 
of equilibrium liquid-liquid and liquid-crystal phase transitions driven by solute 
attractions. Applied initially to solutes with isotropic attractions, these studies explained 
the experimental observations of liquid-liquid phase separations that are metastable as 
compared to a liquid-crystal phase,22-24 providing confidence in treating mixtures through 
the classical McMillan-Mayer theory.25 In this approach, for the purposes of determining 
equilibrium thermodynamic properties, the mixture is treated as a one-component system 
where the solute experiences solvent mediated interactions. The power of this approach is 
that simulations and theory are greatly simplified as the apparatus of the statistical 
mechanics of single component systems can be transferred to colloidal suspensions and 
molecular mixtures in a straightforward manner. 
An example can be found in simulations of the aggregation behavior of “patchy” 
particles capable of forming a limited number of bonds, which were done on single 
component systems but can be applied to describe structure and aggregation properties of 
particles in solution.1,16-17 These simulations were done to explore the effects of reducing 
the number of bonds a particle can make on the conditions giving rise to a gas-liquid 
phase transition and demonstrated that as the number of bonds the particles can make 
O
H
N N
H
OH
O
O
O
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drops below 3, attractions no longer produce a gas-liquid (or for molecules in solution, a 
liquid-liquid) phase transition. As the valence of the particles drops towards 3, the 
temperature (kT/ε where kT is the product of Boltzmann’s constant and the absolute 
temperature and e is the contact value of the strength of attraction) at the critical point 
drops and the volume fraction at the critical point decreases to very low volume fraction. 
This behavior opens up a large volume fraction vs. strength of attraction space where 
liquids are thermodynamically stable. In this region, as the strength of attraction 
increases, particle diffusivity slows until relaxation times approach those associated with 
gels.  In these slowly diffusing limits, simulations display extended but fluctuating 
structures that spread to fill space.1,16-17 Iso-diffusivity lines become very sensitive to 
strength of attraction at low volume fraction and insensitive to strength of attraction at 
high volume fractions. In these systems, long mechanical relaxation times are associated 
with slow diffusion of the solute and when the solute diffuses sufficiently slowly, the 
system is said to have formed a gel.  
Dynamic localization theory, developed initially for particles with centrosymmetric 
interactions but extended to particles with anisotropic shape, describes gelation is a 
similar language. In this theory, gelation is not a discontinuous change in behavior, but is 
best characterized by a smooth yet rapid change in relaxation times for density 
fluctuations that takes place over a narrow range of temperature or solute volume 
fraction.26-28 These increases in relaxation times are associated with collective processes 
that result in particles being localized by nearest neighbors. This localization is described 
in terms of a dynamical potential of mean force that characterizes the rate of density 
fluctuation decay. The dynamical potential is determined from the equilibrium properties 
of the system thus again emphasizing that localization is a dynamical transition, not an 
equilibrium phase separation. This model and the simulation work on valence limited 
particles indicate that gelation can occur in thermodynamically stable systems where the 
strength of attraction and volume fraction reach values where relaxation times increase 
rapidly with changes in either variable. 
Self-assembling peptide-based systems offer possibilities in designing new materials 
with unique structural, optical, mechanical and biological properties based on the 
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molecular composition and due to the variety of structures into which these molecules 
will assemble (helices, coiled-coils, ß-sheets, ß-hairpins, etc.).4-6 These architectures can 
be utilized to form nanostructured hydrogels from peptide solutions, offering numerous 
potential applications in tissue engineering, drug delivery, nanofabrication, and 
biosensing.4 However, the origin of the gel transition of peptide-based materials, as well 
as the relationship between the composition, structure, and mechanical properties of these 
molecular gels, remain poorly understood. The mechanism by which the relaxation times 
of these materials are dramatically increased are important to understanding shelf life and 
stability of the formed structures. If gels formed from these molecules are 
nonequilibirum, they will continuously evolve towards an equilibrium state, which may 
have a completely different form (e.g. a liquid in equilibrium with compact crystals) with 
subsequent and perhaps dramatic changes to mechanical properties.  
Using Fmoc-FF gels as a model system, we have previously established a range of 
conditions under which a solution of the peptide molecule in DMSO forms a molecular 
gel when mixed with water.29 The driving force for the gel transition is inferred from the 
hydrophobic nature of the Fmoc-FF molecules and their ability to hydrogen bond. Rigid 
gels (G' ~ 105 Pa) are formed at low Fmoc-FF volume fractions (ϕ < 1%).  The solutions 
move from low viscosity liquids to materials with substantial moduli and long relaxation 
times over small changes in Fmoc-FF or water concentration enabling the definition of a 
well-defined line of gel transition in a plot of water concentration as a function of ϕ. Over 
a wide range of conditions, the gel elastic modulus follows a universal scaling with 
volume fraction (G' ~ ϕ2.5). We hypothesize that these peptide-based molecular gels can 
be considered equilibrium gels, corresponding to simulation predictions in which 
“patchy” particles with a limited coordination number for possible bond formation reduce 
the tendency of the system to phase separate. 
Here, we investigate the relationship between the structure and mechanical 
properties of Fmoc-FF molecular gels using optical, scattering, and rheological 
techniques. We show that prior to gelation, upon addition of water to a DMSO solution of 
Fmoc-FF, there is first an instantaneous precipitation to a temporary non-equilibrium 
state, followed by a rearrangement into a fibrous network. We demonstrate that the aging 
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process of these molecular gels is associated with a tendency of the system to evolve 
towards a steady state through the structural rearrangements into an increasingly uniform 
network. These structural changes are correlated with growth in elastic modulus to a 
plateau value. We find that in liquid samples at concentrations right below the gel point, 
fibrous precursors are formed, and that above the gel point, increasing Fmoc-FF 
concentration results in increased diameter of gel fibers. Finally, we investigate the 
effects of temperature on the system and show that, in addition to previously reported 
mechanical reversibility,11,29-30 these gels are thermoreversible. These results suggest that 
the when attractions are sufficiently strong relative to the average thermal energy in the 
system, Fmoc-FF molecules in solution aggregate and evolve towards a uniform 
distribution of fibers.   
 
3.2. Experimental Section 
3.2.1. Materials. Fmoc-diphenylalanine (Fmoc-FF) in solid powder was purchased from 
Bachem (Bubendorf, Switzerland) and used without further purification. Dimethyl 
sulfoxide (99.5%) obtained from Sigma-Aldrich was used as a solvent. Nile Blue 
fluorescent dye was purchased from Sigma-Aldrich. All samples were prepared with 
deionized water (resistivity 16.7 MΩcm). 
3.2.2. Gel Preparation. The mass of required solid Fmoc-FF was measured on a 
scientific electronic scale with 0.001 g precision. The measured amounts of the peptide 
were dissolved in DMSO at selected concentrations, after which the samples were mixed 
for 1–2 minutes until the solid was fully dissolved in the solvent and a clear solution was 
obtained. Gelation of the samples was triggered by the addition of water at various ratios 
in order to obtain the desired final concentrations. For preparation at elevated 
temperatures, the Fmoc-FF/DMSO and water were preheated using a hotplate or water 
bath and then mixed in a vial. Cooling was performed by conditioning the sample to 
room temperature or by immersing the sample into an ice water bath for more 
pronounced temperature differences. 
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3.2.3. Confocal Fluorescence Microscopy. A small amount (~ 40 ppm) of a fluorescent 
dye (Nile Blue) was added to the solution of the peptide in DMSO. Immediately upon 
mixing the solution with water, 50 µL of the mixture was transferred into a glass bottom 
dish (MatTek Corp.) and covered with a lid. The sample was loaded onto a Zeiss LSM 
700 confocal microscope and images were taken using a 63x magnification oil immersion 
objective at 639 nm excitation wavelength. Varying the amount of dye between 20-100 
ppm did not qualitatively affect the gel structure. 
3.2.4. Transmission Electron Microscopy (TEM). Gel samples were prepared as 
described previously. Immediately upon the addition of water to the solution of Fmoc-FF 
in DMSO, the sample was lightly mixed and a 15 µL droplet was transferred onto a glass 
surface, before the onset of gel transition. A 400 mesh carbon coated copper grid (SPI 
Supplies) was placed on the sample droplet for 30 s and the excess liquid was removed. 
The grid was then washed and placed on a 15 µL droplet of 7% uranyl acetate solution 
for 60 s, after which the excess stain was removed. The sample grid was covered to 
minimize water evaporation stored overnight. TEM images were collected using a JEOL 
2010 LaB6 transmission electron microscope operating at 200 kV. 
3.2.5. Rheology Measurements. Rheology experiments were performed on a TA 
Instruments DHR-3 rheometer with a Peltier plate and solvent trap. For elastic modulus 
measurements at room temperature, a 4º/40 mm cone geometry was used. Evaporation of 
water from the sample was minimized using the instrument’s solvent trap setup, in which 
a small well in the rotating cone is filled with a low viscosity mineral oil and the blades 
of the solvent trap cover are immersed into the well, thereby creating a thermally stable 
vapor barrier around the sample. Fmoc-FF/DMSO solutions were prepared as previously 
described. As soon as water was added to the solution in a vial, the sample was mixed 
lightly and 1.2 mL of the mixture was quickly transferred onto the rheometer. The 
rotating element was lowered into the measurement position while the sample was still in 
liquid form (before the onset of gel transition), after which the experiment was started 
immediately. The evolution elastic and viscous moduli with time was measured at 25 ºC, 
at an oscillating stress (1–10 Pa) and frequency (1 Hz) in the linear viscoelastic region. 
For measurements at higher temperatures, where melting of the gel sample was required, 
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a cup and bob geometry was used (15 mm radius cup and 14 mm radius DIN rotor). The 
liquid Fmoc-FF/DMSO/H2O mixture was loaded into the cup, after which the rotor was 
lowered, the solvent trap cover was placed, and the measurement was commenced. The 
temperature was controlled via the TRIOS software interface (TA Instruments). 
3.2.6. Small Angle and Wide Angle X-Ray Scattering. Scattering studies were 
performed at beamline 5-ID-D of the Advanced Photon Source at Argonne National 
Laboratory, equipped with two 2-D CCD detectors for simultaneous SAXS and WAXS 
collection. Samples were loaded into cells sealed with Kapton tape from both sides with 1 
mm spacing in between. The beam was operated at a wavelength of 1.24 Å and scans 
were taken in quadruplicate and averaged. The data was processed using Irena SAS 
analysis macros written for Igor Pro v6.22A software. 
 
3.3. Results and Discussion 
Preparation methods of gels from Fmoc-peptides generally fall into one of two 
categories:30 (1) a number of studies have followed a gel preparation technique that 
involves the dissolution of the peptide molecule in an aqueous solution at elevated pH 
and then adjusting the pH of the solution by addition of glucono-δ-lactone (GdL)7-8 or by 
acid titration at elevated temperature, followed by cooling overnight;9-10,31-32 (2) the other 
preparation method is based on dissolving the peptide in a solvent and triggering the 
gelation process by adding water to the solution at room temperature, creating a 
three-component (peptide/solvent/water) system.11-14 Here we focus on the second 
preparation method and study Fmoc-FF/DMSO/H2O as a model molecular gel. 
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Figure 3.2. Gel line for Fmoc-FF/DMSO/water gels obtained by 
titration experiments. ϕFmoc‑FF represents the volume fraction of Fmoc-
diphenylalanine in the gel; xH2O is the final water concentration in the 
gel (by volume). 
 
The conditions at which the solution gels depend on the particle volume fraction 
(Fmoc-FF volume fraction) and strength of attraction (controlled by water 
concentration).29 For purposes of clarity, that phase diagram is reproduced here 
(Figure 3.2). The solution of Fmoc-FF in DMSO is a clear liquid, which when mixed 
with water undergoes rapid precipitation leading initially to a turbid white mixture, 
followed by a gradual shift (< 5 min) to a transparent gel (Figure 3.3), or a clear liquid at 
water concentrations below the gel point. The opacity of the intermediate stage indicates 
the presence of structures of sizes large enough to scatter light. 
 
 
Figure 3.3. Change in appearance of an Fmoc-FF gel sample with time. 
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Using fluorescence confocal microscopy, the gelation process can be observed in 
situ from the moment of mixing the peptide solution with water (Figure 3.4). Introducing 
water into the system “shocks” the initially well dispersed hydrophobic Fmoc-FF 
molecules, causing a rapid shift (< 1 s) into a transient non-equilibrium state, composed 
of spherical clusters of diameters of ~ 2 µm (Figure 3.4a). This rapidly formed solid 
phase then transforms in a slower process (< 5 min) into a fibrous network. Rapidly 
growing fibers are nucleated from a limited number of spheres while the surrounding 
spheres dissolve and are attracted to the fibers, further extending the network. Similar 
behavior has also been observed for another dipeptide molecule, Fmoc-leucine-glycine 
(Fmoc-LG).13 These observations indicate that the fibrous structure represents a free 
energy minimum for the dipeptide molecules. Over longer times (> 30 min), the fibers 
continue to evolve with the overall network becoming increasingly uniform. This slow 
(several hours) restructuring of the network occurs through redistribution of molecules by 
a dissolution/reaggregation process that extends and creates branches in fibers. During 
this process, the sizes of the thicker fibers are reduced and new, thinner connections can 
be seen forming between large fibrous clusters (Figure 3.4a). The final diameters of the 
filaments, estimated to be between 5 and 10 nm from TEM images (Figures 4b and 4c), 
are smaller than the wavelength of visible light, and, as a consequence, the resulting bulk 
gel has a transparent appearance. Thus, the aging process of Fmoc-FF gels is associated 
with the tendency of approaching to a steady state corresponding to a uniformly 
distributed fibrous network. The system remains stable in its gelled state for an indefinite 
period of time (gels formed in our lab have been stable beyond 4 years). The slow 
approach to a uniform gel is correlated with the temporal evolution of the elastic 
modulus, which shows an initial jump related to the percolation of the fibrous network, 
followed by a slow increase to a finite steady-state plateau value over several hours 
(Figure 3.5). 
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Figure 3.4. (a) Fluorescence confocal microscopy images taken at different times of the gel transition (top: 
0, 30, 40, 50 s; bottom: 300 s, 1, 2, 3, 4 h) from the point of mixing (scale bar represents 10 µm); (b) and 
(c) TEM micrographs showing higher magnifications of the fibrous structure including branching, 
entanglements, and lateral interactions (the characteristic fiber diameters are estimated to be on the order of 
5–10 nm). 
 
 
Figure 3.5. Temporal evolution of the elastic modulus of an Fmoc-FF gel (ϕFmoc‑FF = 0.005, xH2O = 0.5). 
After the initial increase associated with the gel transition (t < 5 min), the modulus continues to grow over a 
period of several hours until a constant plateau value is reached. 
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The evolution of the structure in Fmoc-FF gels is distinctively different from that 
typically observed for particulate gels where, when a gel is formed from an arrested 
liquid-liquid phase separation by quenching into the spinodal,1 gel aging is accompanied 
by the lowering of the system’s free energy by decreasing surface area, which can be 
considered an Ostwald ripening process.15 The particle-rich and particle-poor domains 
thus become larger, promoting the phase separation process, which can ultimately lead to 
a collapse of the network.33 In an Fmoc-FF gel, the increase in network uniformity results 
in a steady-state structure, providing long-term stability (years). This spontaneous 
increase in surface area during Fmoc-FF gel formation and aging is evidence that gelation 
in this system upon increasing attractions does not result in crossing the spinodal or 
crystallization boundary.  
The formation of elongated, uniformly distributed structures can be understood as 
resulting from the formation of extended, equilibrium, slowly relaxing structures 
composed of particles experiencing “patchy” interactions, described by Zaccarelli and 
Sciortino.1,16-17 As mentioned in the introduction, their simulations show that when 
particles can only form a low number of bonds, extended structures that relax slowly are 
formed at low temperatures. The slow diffusion of particles within these entangled and 
branched structures results in long material relaxation times characteristic of gels. When 
the number of bonds a particle can form decrease towards 3, liquid-liquid phase 
separation is lost and iso-diffusivity lines corresponding to long relaxation times extend 
to very low volume fractions where the particles form increasingly extended structures.  
For a pH-triggered Fmoc-FF/H2O/NaOH/HCl gel system, Ulijn et al. proposed a 
structural model based on π–π stacking interactions between the fluorenyl groups of 
anti-parallel ß-sheets in which the phenylalanine groups of two molecules are associated 
through hydrogen bonding, creating a fiber of 3 nm in diameter.10 In this model, an 
Fmoc-FF molecule would have a coordination number of 3 (resulting from one molecule 
forming a ß-sheet with another, and π–π stacking of the fluorenyl group with one 
molecule above and one below), which suggests the possibility of the formation of an 
equilibrium gel at the observed low volume fractions. 
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Figure 3.6. (a) Small angle X-ray scattering from Fmoc-FF gels of different Fmoc-FF volume fractions (at 
50% v/v water concentration); (b) Wide angle X-ray scattering data after subtracting solvent and water 
signals; (c) Cylindrical form factor fits of gel scattering curves; (d) Mean fiber diameters estimated from 
curve fits for various Fmoc-FF volume fractions and (e) water concentrations. 
 
In order to analyze the structure for an Fmoc-FF/DMSO/H2O system, small angle 
(SAXS) and wide angle X-ray scattering (WAXS) spectra of samples of different 
compositions (Figure 3.6) were obtained at the 5-ID-D beamline of the Advanced Photon 
Source at Argonne National Laboratory. At water concentration of 50% (v/v) and 
Fmoc-FF volume fraction of ϕFmoc-FF = 0.001, which is below the gel point 
(ϕFmoc-FF = 0.002), the mixture is liquid and at small angles the scattering shows that 
small objects ~ 60 nm in size (q ~ 0.02 Å–1) are formed (Figure 3.6a). As the Fmoc-FF 
volume fraction is increased and the gel point is crossed (ϕFmoc-FF ≥ 0.002), characteristic 
branched fibrous networks scattering patterns are obtained, with slopes at high q 
featuring fractal dimensions ~ 1.1–1.3. The existence of precursors to gelation was also 
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confirmed by confocal fluorescence microscopy; at a composition below the gel point, 
fibrous clusters can be observed (Figure 3.7a), while at the gel point, fibers connect the 
clusters (Figure 3.7b). The size of the observed clusters is however much larger than 60 
nm, suggesting that the scattering is probing structures inside the flocks as opposed to the 
entire clusters. At large scattering angles, subtracting the solvent and water scattering 
from the raw data of samples above the gel point revealed a peak at 1.3 Å–1 
corresponding to a spacing of 0.48 nm (Figure 3.6b), which is characteristic of ß-sheet 
π-π stacking.10,32 Due to the strong scattering of DMSO, other potential spacing-
indicating peaks were not attainable. However, the evidence of ß-sheet spacing indicates 
that in an Fmoc-FF/DMSO/H2O system the packing of molecules inside the fibers is 
possibly similar to the model proposed by Ulijn et al.10. The formation of ß-sheets that 
are further π–π stacked suggests the interactions of each Fmoc-FF molecule can be 
approximated as corresponding to three neighboring molecules, providing support for the 
formation of gels from valence limited particles as proposed by Zaccarelli and 
Sciortino.1,16-17  
 
Figure 3.7. Confocal microscopy images of Fmoc-FF/DMSO/H2O at compositions: (a) below 
the gel point; (b) at the gel point. 
 
The SAXS curves for gel samples of different compositions were fit using a 
cylindrical fiber form factor with the length/diameter aspect ratio set to ~1000 
(Figure 3.6c). The mean fiber diameters estimated from the fits were found to be weakly 
dependent on water concentration and range from 3 nm (matching the size predicted by 
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Ulijn’s model) to 7 nm (Figures 6d and 6e). This suggests that with increasing Fmoc-FF 
volume fraction the scattering curves are obtained from laterally associating fibers 
(Figure 3.4b) or that the fibers grow in diameter, implying that the molecular packing 
could depend on the composition of the system. 
 
Figure 3.8. Effect of temperature on the Fmoc-FF/DMSO/H2O system. 
 
The self-healing properties of Fmoc-FF gels, i.e. ability to rebuild to their original 
strength after yielding at high enough shear stress has been reported11,29-30 and is another 
indication that the system is in equilibrium. We have further explored the behavior of the 
Fmoc-FF/DMSO/water system when thermal changes are imposed. When a solution of 
Fmoc-FF in DMSO is mixed with water at elevated temperatures, the gelation process 
can be halted. In the experiments reported here, at higher temperatures the system 
initially forms the temporary nonequilibrium state in which the molecules form 2 µm 
spheres (opaque white appearance), which rapidly transitions into a clear liquid solution 
(Figure 3.8). Increasing the temperature lowers the strength of attraction between the 
molecules relative to the average thermal energy in the system, as well as the surface 
tension of the hydrophobic Fmoc-FF in contact with water, resulting in a solution of 
nonassociated Fmoc-FF molecules. When the sample cools, the solution begins turning 
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opaque white (Figure 3.8), i.e., the molecules start forming spheres again, the gelation 
proceeds through network formation and there is a transition to a transparent gel. 
Similarly, if the temperature of a fully gelled sample is increased, the gel will melt, 
forming the colorless, clear solution, which rebuilds structure when the sample 
temperature is again lowered. These experiments demonstrate that the Fmoc-FF gels are 
thermoreversible and at sufficiently high attractions (low temperature) the fibrous 
network is the equilibrium state.  
Confocal fluorescence microscopy carried out on temperature-cycled samples shows 
that repeated heating and cooling results in a finer network and smaller pore size 
(Figure 3.9). The rheological signature of these changes is shown in Figure 3.10, where, 
as the temperature is increased to the melting point of the gel and reduced back to 25 ºC, 
there is a corresponding decrease and increase in the elastic modulus. Increasing the 
temperature of the system lowers diffusion time and enables more rapid rearrangements 
that lead to a uniform structure. Thus, when the network formation occurs at an elevated 
temperature, the Fmoc-FF molecules are capable of faster redistribution and, upon 
returning to room temperature, the subsequent elastic modulus is higher. 
      
Figure 3.9. Confocal microscopy images of Fmoc-FF gel: (a) at room temperature; 
(b) after heating and cooling. 
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Figure 3.10. Changes in the elastic modulus resulting 
from melting and rebuilding of the gel structure. 
 
 
3.4. Conclusions 
At room temperature, hydrophobic Fmoc-FF molecules are readily soluble in 
DMSO, having a solubility point above 50 wt%.  Upon addition of water, the solution 
undergoes a rapid transition to a non-equilibrium state forming ~ 2 µm spheres, which 
results in the solution taking on an opaque white appearance. If the system is below the 
gel point, the solution returns to being clear and transparent, although SAXS data 
suggests that as the gel line is approached these equilibrium solutions form ~ 60 nm 
structures. Above a water concentration sufficient to produce a gel, the dissolution of the 
metastable spheres is accompanied by a somewhat slower formation of a fibrous network, 
apparently nucleating at a sphere surface and expanding into the solution. In the late stage 
(t > 5 min), the network is composed of fibers with diameters of ~ 5–10 nm that 
continuously dissolve and reform as the uniform gel structure is established and 
sustained, leading to a steady state plateau elastic modulus. X-ray scattering data suggests 
that the packing of the Fmoc-FF molecules within a fiber are consistent with stacking of 
ß-sheets through π–π interactions between fluorenyl groups, similar to the model 
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proposed by Ulijn et al.10 For this type of packing, an Fmoc-FF molecule has 3 bonding 
sites (patches), which are expected from the simulations to result in equilibrium extended 
structures at low volume fractions.   
As observed visually and rheologically, the process of forming a uniform fibrous 
network can be expedited by controlling the temperature. At sufficiently high 
temperature, Fmoc-FF gels melt and, upon cooling, reform the dynamic fibrous 
structures. These observations not only demonstrate thermal reversibility in addition to 
previously reported mechanical reversibility, but also indicate that the steady state of a 
uniform distribution of fibers can be achieved by two distinct routes suggesting a state 
point is being approached at long times, and that in the gelled state the system approaches 
equilibrium composed of a fibrous network. These gelled states can thus be interpreted 
within the framework of the simulation work of Zaccarelli and Sciortino,1,16-17 who 
predict that gels featuring elongated structures can be formed without an intervening 
phase separation for particles with a limited number of attractive patches.  
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Chapter 4 
Nanoscale Dynamics of Fmoc-FF Gels† 
4.1. Introduction 
Gelators associated with aromatic short peptide derivative molecules possessing an 
N-terminal fluorenyl-9-methoxycarbonyl (Fmoc) group self-assemble into strongly 
anisotropic structures with high aspect ratios, creating space-filling fibrous networks that 
relax slowly and display large elastic moduli.1-15 The variety of structures into which 
peptide molecules can assemble (helices, coiled-coils, ß-sheets, ß-hairpins, etc.) offers a 
range of possibilities in the design of novel materials with unique structural, optical, 
mechanical and biological properties that are seeing numerous potential applications in 
tissue engineering, drug delivery, nanofabrication, and biosensing.16-18 Dipeptide 
molecules such as Fmoc-diphenylalanine (Fmoc-FF, Figure 4.1) form gels when the 
self-assembly process is triggered by a change in the pH3-8 or by the addition of water to 
a solution of Fmoc-FF in a solvent.9-12 The resulting aggregates are highly ordered fibers 
composed of tightly bound molecules associating primarily through π–π stacking and 
hydrogen bonding. The physical bond nature of these structures distinguishes them from 
polymeric networks, in which solid-like properties are inferred from chemically 
crosslinked or entangled polymer chains.19 On the other hand, physical gelation in 
colloidal systems is typically associated with dynamical arrest, in which particles of 
tens/hundreds of nanometers experiencing short-range attractions aggregate, resulting in 
long relaxation times and solid-like rheological properties.20 Hence, molecular gels of 
short peptide derivatives can be considered as a distinct class of physical gels that feature 
                                                
 
† Reprinted with permission from: N. A. Dudukovic and C. F. Zukoski, “Nanoscale Dynamics and Aging of 
Fibrous Peptide-Based Gels”, J. Chem. Phys. 2014, 141, 164905. 
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particles of sub-nanometer size experiencing pronounced anisotropic interactions, giving 
rise to highly structured aggregates with fractal dimensions close to unity.  
 
Figure 4.1. Chemical structure of Fmoc-diphenylalanine. 
 
The gel transition in colloidal systems is often associated with arrested gas-liquid 
phase separation, producing colloid-poor and dense colloid-rich regions responsible for 
the dynamical arrest.20 However, there is no evidence that this process drives the gelation 
of peptide-based systems and, considering the highly ordered nature of the structures and 
the anisotropic interactions at hand, a different mechanism of gel formation is expected. 
Recently, studies featuring simulations of patchy particles capable of forming a limited 
number of bonds have proposed conditions under which particle aggregation leads to a 
formation of equilibrium gels.20-22 These studies suggest that as the number of attractive 
patches (physical bonds a particle can form) drops below 3, increasing interparticle 
attractions no longer produces a gas-liquid phase transition. Instead, the phase separation 
region drops to very low volume fractions, thus opening a large region of volume fraction 
and strength of attraction where liquids are thermodynamically stable, in which 
increasing the strength of attraction slows particle diffusivity until relaxation times 
approach those associated with gels. In these slowly diffusing limits, the patchy particle 
simulations display extended but fluctuating structures that fill space.20-22 
Using Fmoc-FF as a model gelator, we have recently reported experimental 
evidence for the formation of equilibrium gels. We established a range of conditions at 
which solutions of hydrophobic Fmoc-FF molecules in dimethyl sulfoxide (DMSO) form 
O
H
N N
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O
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gels when mixed with water and investigated the relationship between the structure and 
mechanical properties of the gels using optical, scattering, and rheological 
techniques.23-24 We demonstrated that the aging process of these molecular gels is 
associated with a tendency of the fibrous structure to evolve through slow rearrangements 
towards an equilibrium steady state corresponding to an increasingly uniform network. In 
addition, we found that these gels are both mechanically and thermally reversible, in the 
sense that the fibrous network reassembles after yielding or melting, further indicating 
that the system is at equilibrium in its gelled state. Based on the structural packing 
models suggested in the literature,6 we consider an Fmoc-FF molecule to be an 
anisotropic particle with 3 attractive patches, which allows the formation of equilibrium 
gels in the absence of phase separation as predicted in the aforementioned simulation 
studies. 
Here, we explore the dynamics of Fmoc-FF/DMSO/H2O gels using X-ray photon 
correlation spectroscopy (XPCS), a scattering technique that can be used to investigate 
slow, nanoscale motion in soft materials. XPCS provides information on the dynamics of 
the material by measuring correlations in fluctuations of the coherent scattering intensity.  
Intensity autocorrelation functions probe density fluctuations at the 10–100 nm length 
scales over a time period of 10–3–104 s. This is achieved by passing the X-ray beam from 
a high-brightness synchrotron source through an aperture to create a partially coherent 
X-ray beam.25 Rates of decay of density correlations can be investigated by analyzing 
these temporal variations in the scattering intensity. The result of averaging the intensity 
at detector pixel i,j (Iij) over time and over pixels is an intensity-intensity autocorrelation 
function of scattering wave vector (q = 2π/λ sin(θ/2)) and delay time (t):25 
 
g2(q,t) =
Iij (q,t ')Iij (q,t '+ t) t ',ij
Iij (q,t ') t ',ij Iij (q,t '+ t) t ',ij
 (4.1)  
where λ is the wavelength of the X-rays and θ is the scattering angle. At very short times, 
all motion is frozen and g2(q,t) is a measure of the total quantity of scattering material, 
showing a plateau at a value of 1+b, where b is the Siegert factor (an instrumental optical 
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contrast that can vary from 0 to 1).25 In many soft systems, g2(q,t) decays to an 
intermediate plateau (between 1+b and 1) before decaying to a value of unity at long 
times. These two decays define the α- and ß-relaxation times, where the α-relaxation 
time is the longest relaxation time often associated with the timescale of long time self-
diffusion, while the ß-relaxation defines the diffusion of particles in cages. The 
intermediate plateau value is a measure of the quantity of material that is localized. 
Information about the dynamics can be inferred from the plateau value and shape of the 
final decay of the autocorrelation function. XPCS has been successfully applied to 
colloidal gels and glasses,26-30 crosslinked polymer gels,31 block-copolymer 
mesophases,32-34 and nanocomposites,35-38 with the aim of obtaining relaxation times, 
localization lengths, spring constants, and viscosities. We have discovered no reports of 
XPCS being used to explore the dynamics of peptide-based gels or similar networks. 
Here, we demonstrate that XPCS can be applied to studying the dynamics of Fmoc-FF 
gels. Our studies establish that relaxation times in the Fmoc-FF gel increase as the gel 
ages and plateau at values associated with the approach to a steady state, thus showing 
that the driving force for forming uniform gels decays with time but the capacity of the 
gels to rearrange remains after uniformity is achieved, indicating that the steady state is 
an equilibrium state of these systems. Furthermore, we show that increasing temperature 
accelerates the rate of these rearrangements and that this process is reversible.  
 
4.2. Experimental Methods 
4.2.1. Materials. Fmoc-diphenylalanine (Fmoc-FF) in powdered solid form was 
purchased from Bachem (Bubendorf, Switzerland) and used without further purification. 
Dimethyl sulfoxide (99.5%) obtained from Sigma-Aldrich was used as a solvent. All 
samples were prepared with deionized water (resistivity 16.7 MΩcm). The volume 
fraction of Fmoc-FF was calculated under the assumption of ideal mixing as: 
 
φFmoc−FF =
(m/ρ)Fmoc−FF
VH2O +VDMSO + (m/ρ)Fmoc−FF
 (4.2) 
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where ρFmoc-FF = 1.3 g/cm3 is the density of pure Fmoc-diphenylalanine in a melt.23 
4.2.2. Gel Preparation. The required mass of solid Fmoc-FF was measured on an 
electronic scale with 0.001 g precision. The measured amounts of the peptide were 
dissolved in DMSO at chosen concentrations, after which the samples were vortex-mixed 
until the solid was fully dissolved in the solvent and a clear solution was obtained. 
Gelation of the samples was triggered by the addition of water at various concentrations 
in order to obtain the desired final gel compositions.  
4.2.3. Rheology Measurements. Rheology experiments were performed on a TA 
Instruments DHR-3 rheometer with a Peltier plate and solvent trap using a 4º/20 mm 
cone and plate geometry. The loss of water from the sample due to evaporation was 
minimized using the instrument’s solvent trap setup, in which a small well in the rotating 
cone is filled with a low viscosity mineral oil and the blades of the solvent trap cover are 
immersed into the well, thereby creating a thermally stable vapor barrier around the 
sample. Fmoc-FF/DMSO solutions of desired concentrations were prepared as previously 
described. As soon as water was added to the solution in a vial, the sample was mixed 
lightly and 150 µL of the mixture was quickly transferred onto the rheometer, followed 
by immediate lowering of the rotating cone to the appropriate gap (112 µm) and 
measurement initiation. The temporal evolution of the elastic and viscous moduli was 
measured at 25 ºC, at an oscillating stress (100 Pa) and frequency (1 Hz) in the linear 
viscoelastic region.  
4.2.4. X-Ray Photon Correlation Spectroscopy (XPCS). X-ray photon correlation 
spectroscopy (XPCS) is performed using a partially coherent X-ray beam, which is 
obtained by directing the synchrotron beam through an aperture, thereby reducing the 
dimensions of the beam to ~ 1 mm2 and using only a small fraction of the incident flux.25 
Therefore, a high brightness synchrotron source and sufficient particle concentrations are 
required to obtain an adequate scattering signal for this technique. The experiments 
reported here were thus conducted at beamline 8-ID-I of the Advanced Photon Source at 
Argonne National Laboratory on gel samples of Fmoc-FF volume fractions ϕFmoc-FF = 
0.06–0.14 and water concentrations xH2O = 0.3–0.8 v/v. Samples were loaded into 
stainless steel cells with Kapton windows at a fixed sample thickness of 0.4 mm. The 
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sample cells were placed in a temperature-controlled sample holder and measurements 
were performed employing a partially coherent 7.35 keV X-ray beam of 40 µm × 40 µm 
size. A PI LCX-1300 direct detection CCD detector was used to record the scattering 
intensity in a wave vector range of q = 0.0027–0.024 Å–1. The exposure time was set to 
1.0 s per image and the beam was attenuated to minimize X-ray damage to the sample. 
Autocorrelation functions g2(q,t) were obtained over the range of delay times t = 8-1500 s 
at different waiting times from the moment of mixing the Fmoc-FF/DMSO solution and 
water (as early as 6 min). The measurements were repeated on different areas of the same 
sample until the dynamics reached a steady state, i.e. when the autocorrelation curves 
started superimposing.   
4.2.5. Confocal Fluorescence Microscopy. A small amount (40 ppm) of Nile Blue 
fluorescent dye was added to the solution of the peptide in DMSO. The solution was 
mixed with water, and 50 µL of the mixture was transferred into a glass bottom dish 
(MatTek Corp.) and covered with a lid. Images were obtained on a Zeiss LSM 700 
confocal microscope using a 63× magnification oil immersion objective at excitation 
wavelength of 639 nm. 
 
4.3. Results and Discussion 
XPCS measurements were performed in the wave vector range of 
0.0027 < q < 0.024 Å–1 and X-ray damage to the sample was prevented using beam 
attenuation (intensity losses due to damage were below 5% for all investigated samples). 
Static scattering patterns demonstrate that scattering intensities are independent of time 
during these experiments. This result shows that processes giving rise to relaxations in 
the intensity autocorrelation pattern take place with a fixed average gel structure at the 
probed length scales. The angular dependence of I(q,t) is shown in Figure 4.2. The small 
angle scattering patterns are consistent with randomly oriented fibers of high aspect ratio 
and average diameters of 3–7 nm.24 
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Figure 4.2. Angular dependence of static X-ray 
intensity from XPCS measurements. The 
characteristic scattering patterns do not change 
with increasing waiting time tw. 
 
 
Figure 4.3. Autocorrelation functions g2(q,t) from 
XPCS measurements at q = 0.0089 Å–1 for gel 
sample of ϕFmoc-FF = 0.14 and xH2O = 0.5. The 
onset of the decay shifts with increasing waiting 
time tw. 
 
Intensity autocorrelation functions g2(q,t) were obtained in the wave vector range 
0.0027–0.024 Å–1. In all cases, the correlation function exhibits a plateau at short delay 
times related to the caging regime in which particles are localized,25 followed by a decay 
to a totally decorrelated state. The onset of the final decay shifts towards longer delay 
times with increasing waiting time tw (Figure 4.3), implying the slowing down of the 
system dynamics and increase in relaxation time until at long times the g2(q,t) curves 
superimpose, indicating that a steady state is being achieved. This tendency can also be 
observed optically, as seen in Figure 4.4, showing that the aging process in these systems 
is associated with the evolution of the gel microstructure to an increasingly uniform 
fibrous network through disaggregation and reformation of fibers.24 Mechanically, this is 
manifested in the bulk rheology of the material as a slow growth of the elastic modulus to 
a steady state plateau value (Figure 4.5a).  
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Figure 4.4. Confocal fluorescence microscopy images of the gel 
transition and aging of an Fmoc-FF gel (ϕFmoc-FF = 0.06 and xH2O = 0.5). 
The scale bar represents 10 µm. 
 
Figure 4.5. Elastic moduli from rheology measurements: (a) temporal evolution at different Fmoc-FF 
volume fractions; (b) frequency dependence of plateau moduli of different water concentrations. 
 
The elastic moduli of the gels studied are on the order of 106 Pa (Figure 4.5), which 
are large for many soft matter systems, with the storage modulus being much larger than 
the loss modulus. Rheology measurements in the frequency region of 10–3–102 Hz 
(Figure 4.5b) indicate that mechanical relaxation times (~ G'/(G"ω) in the low end limit 
of frequency) are well in excess of 104 s. Nevertheless, we observe that density 
fluctuations completely decay on time scales of 103 s. Thus, the relaxations observed in 
g2(q,t) are decoupled from the mechanical relaxations. This decoupling can be understood 
as indicating that mechanical relaxations are controlled by processes that take place at 
length scales substantially different from those probed in the XPCS experiments 
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(~10-100 nm). Intensity fluctuations at the probed q ranges are associated with fibers 
disaggregating and reforming. Presumably when the structure is stressed, fibers that 
disaggregate and reform do so in an unstressed state. Thus, if structures scattering in the 
range of ~10–100 nm completely relax in time frames on the order of 103 s (Figure 4.3), 
but the elastic modulus does not relax in that time frame, the elasticity is sustained by the 
network of physically crosslinked or entangled fibers. 
The autocorrelation functions can be modeled using a modified Kohlrausch-
Williams-Watts (KWW) stretched exponential form as: 25,27-31 
 g2(q,t) = 1+ b[ f (q)exp[−(t/τ )
β ]]2  (4.3) 
where b ≈ 0.16 is the Siegert factor (an instrument factor determined from a static aerogel 
sample), f(q) is the non-ergodicity parameter and measure of the short-time plateau, τ is 
the terminal relaxation time, and β is the stretching exponent. The dependence of 
relaxation time τ on waiting time tw was determined by fitting the correlation functions 
using Eq. (4.3) (solid lines in Figure 4.3). The kinetics of the relaxation time growth are 
strongly correlated with that of the elastic modulus (Figure 4.6), displaying a rapid initial 
increase followed by a slower growth to a steady state (τ SS and G'SS ). 
 
Figure 4.6. Evolution of measured elastic modulus G' and relaxation time τ 
from XPCS at q = 0.0089 Å–1 with time (normalized by respective steady-
state plateau values G'SS = 5.11 MPa and τ SS  = 189 min) for gel sample of 
ϕFmoc-FF = 0.14 and xH2O = 0.5. 
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Figure 4.7. (a) Relaxation times τ and (b) non-ergodicity factor f(q) obtained from fits of the 
autocorrelation functions in Figure 4.3 using Eq. (4.3). The relaxation times scale as τ ~ q–1, indicating 
hyperdiffusive dynamics. 
 
The correlation function analysis shows that the stretching exponent is independent 
of scattering angle and waiting time (at a value of β ≈ 1.5) and that the relaxation time τ 
scales as q–1 (Figure 4.7a). While relaxation in particulate systems associated with 
diffusive motion is expected to follow an exponential form and τ ~ q–2 dependence, this 
faster-than-exponential decay and relaxation time scaling have been observed in the 
X-ray and dynamic light scattering of soft solids (colloidal gels and glasses), and are an 
indication of slow, hyperdiffusive (ballistic) motion associated with randomly distributed 
stress dipoles caused by local restructuring of the material through micro-collapses.27,39 In 
the case of Fmoc-FF gels, this process can be understood as the observed phenomenon of 
disaggregation and reformation of fibers, giving rise to a restructuring of the gel, leading 
to an increasingly uniform network and a steady state dynamic equilibrium. 
We expect that there is classical diffusion taking place in the Fmoc-FF gel system. 
However, our studies probe density fluctuations on the length scale of ~100 nm, while the 
diffusive units are ~1 nm in size. Hence, diffusion of individual Fmoc-FF molecules 
within their cages in the gel network would be observed at much larger wave vectors, i.e. 
information about the localization lengths associated with particle caging dynamics 
cannot be extracted from the measured f(q) parameter at small scattering angles presented 
here. Rather than following a Debye-Weller form decay, f(q) remains relatively constant 
over the measured q-range, as well as with waiting time tw, at a value close to unity 
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(Figure 4.7b), indicating that all the particles are localized and that the scattering 
elements are stiff. We surmise that our measurements are unable to characterize the 
diffusion of Fmoc-FF molecules within a fiber.  
Based on wide angle X-ray scattering, we understand the peptide backbones of the 
molecules in ß-sheets are spaced on length scales of 0.48 nm,24 so we anticipate the 
localization length of particles to be on the order of 10–1 nm. As f(q) is expected to decay 
as ~ exp(–q2rloc2), we find that for our range of scattering angles q2rloc2 ~ 10–4–10–5; 
hence, our observation of f(q) near unity is consistent with the expected structure. We 
conclude that the dynamics presented here do not capture the caging dynamics of 
individual molecules, but are descriptive of the relaxation on the 10-100 nm length scale. 
The scattering correlation functions illustrate the formation and decay of density 
fluctuations at a rate that is much faster than the rate the connected structure in the gel 
relaxes stress. The intensity autocorrelation function curves are consistent with structures 
that approach a dynamic equilibrium, while the measured growth of the elastic modulus 
with time results from the observed increase in uniformity of the structure, i.e. a growing 
number of physical crosslinks or entanglements between fibers until a steady state is 
reached. 
 
Figure 4.8. (a) Autocorrelation functions g2(q,t) at q = 0.0089 Å–1 and (b) extracted relaxation times τ for 
different Fmoc-FF volume fractions ϕFmoc-FF. No clear trend with increasing ϕFmoc-FF can be observed. 
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The XPCS measurements on samples of different Fmoc-FF volume fractions (at a 
fixed water concentration xH2O = 0.5) did not show a clear trend in the corresponding 
autocorrelation curves or relaxation times as a function of ϕFmoc-FF (Figure 4.8).  This 
may be due to inhomogeneities in the structure of the prepared gel samples. While at low 
Fmoc-FF volume fractions (ϕFmoc-FF < 0.01) the gel transition takes place over a period of 
several minutes, allowing for the peptide solution and water to mix evenly, at high 
concentrations required for satisfactory XPCS scattering intensities this process is very 
rapid, slowing the uniform distribution of the Fmoc-FF molecules throughout the sample.  
The effects of water concentration (xH2O) were investigated at a fixed Fmoc-FF 
volume fraction (ϕFmoc-FF = 0.08). Interestingly, the dynamics at the steady state did not 
depend strongly on the amount of water in the system, as the correlation curves and 
relaxation times nearly superimpose (Figure 4.9). In the rheology domain, however, the 
steady state plateau of the elastic modulus increases with water concentration 
(Figure 4.5b). Increasing the water concentration decreases the volume fraction of 
Fmoc-FF at the point at which the system gels, due to hydrophobic depletion-like 
effects.23 We take this as an indication that the strength of attraction between Fmoc-FF 
molecules is an increasing function of water concentration and it is this effect that 
dominates the observed changes in elasticity, while the water-to-solvent ratio does not 
significantly affect the average rate of formation and decay of fibers. 
 
Figure 4.9. (a) Autocorrelation functions g2(q,t) at q = 0.0089 Å–1 and (b) extracted relaxation times τ for 
different water concentrations xH2O. The superimposing of data indicates that water concentration does not 
significantly affect the rate of disaggregation/reformation of fibers. 
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We have shown previously that gels made from solutions of Fmoc-FF mixed with 
water are thermally reversible, i.e. at sufficiently high temperatures they melt and form 
clear liquids, which are able to rebuild into fibrous networks upon cooling back to room 
temperature.24 In addition, the melting/reforming process was found to accelerate the 
increase in network uniformity and plateau elastic modulus. While melting the gels was 
not feasible in the experiments presented here, due to the high concentrations of the 
samples and temperatures required to do so, the XPCS measurements still show that 
raising the temperature of the system results in faster dynamics, corresponding to an 
equilibrium state featuring a faster rate of disaggregation/reformation of the fibers 
(Figure 4.10). Upon cooling, the decay autocorrelation curve shifts back to a decay at 
longer delay times, demonstrating the reversible nature of the system.  
 
Figure 4.10. Reversible effect of temperature on the dynamics of Fmoc-FF gels: (a) Autocorrelation 
functions g2(q,t) at q = 0.0089 Å–1 and (b) extracted relaxation times τ. Increasing the temperature from 
25 ºC (■) to 35 ºC (●) speeds up the relaxation rate, while reducing the temperature back to 25 ºC (▲) 
slows the dynamics down to approximately their original state. 
 
 
4.4. Conclusions 
We have demonstrated that X-ray photon correlation spectroscopy can be used to 
study the nanoscale dynamics of a fibrous peptide-based gel, using Fmoc-FF/DMSO/H2O 
as a model system. The autocorrelation functions obtained exhibit a plateau at short delay 
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times, followed by a decay to a totally decorrelated state. The final relaxation time shifts 
to longer times with increasing waiting time after mixing water with the Fmoc-FF/DMSO 
solution, until a steady state is reached and the autocorrelation functions superimpose. 
The diffusive dynamics of individual Fmoc-FF molecules in cages of nearest neighbors 
could not be probed at the investigated low q-range, as the diffusive units are ~1 nm in 
size. Thus, the dynamical information presented here is associated with the density 
fluctuations on length scales of ~10–100 nm arising from disaggregation and reformation 
of fibers, leading to an increasingly uniform network. Mechanically, this effect is 
manifested in the growth of the elastic modulus to a plateau value, resulting from 
increased crosslink density or number of entanglements as the network becomes finer.  
The autocorrelation curves exhibit a faster-than-exponential decay and relaxation 
time scaling of τ ~ q–1, indicating hyperdiffusive behavior observed in other soft solids 
which has been associated with the random distribution of stress dipoles caused by local 
restructuring of the material through micro-collapses.27,39 This process is presumably 
driven by a system that is not at equilibrium but is collapsing to a lower free energy state 
and may be important in the initial states of approach to the steady state in the Fmoc-FF 
gels. However, this model is not consistent with our observation that a steady state is 
reached at long waiting time after mixing and that density fluctuations continue to decay 
at these long waiting times. Density relaxation times decrease as temperature is raised 
and return to its previous state upon cooling back to the initial temperature in keeping 
with measures of the gel modulus. This suggests that increasing the average thermal 
energy in the system accelerates redistribution of matter within the gel while decreasing 
the elasticity of the elements dominating the macroscopic elastic response. A simple 
model of elasticity and rates of density relaxation is one where objects are confined to a 
potential energy well where free energy of forming the structure is associated with the 
depth of the potential energy well, –U0, and the elasticity of the resulting structure is 
associated with the curvature of the well at the minimum potential energy, U0/rdiff2, where 
rdiff is a diffusion distance within the energy minimum. The time to relax density 
fluctuations is associated with the height of the potential energy barrier, (Ub – U0), 
defining the potential energy minimum, τrelax ~ exp[(Ub – U0)/kT]. Given the molecular 
specificity of bonding giving rise to the aggregation of Fmoc-FF molecules we might 
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expect the diffusion length to be a weak function of water concentration or temperature. 
Within this framework, our results suggest U0/kT grows with water concentration and 
decreases with increasing temperature. At the same time, (Ub – U0)/kT decreases with 
increasing temperature but is independent of water concentration, or in the language of 
this simple model, is independent of the value of U0. This indicates a strong coupling of 
U0 and Ub (i.e. (Ub – U0) is independent of water concentration). Finally, our results 
suggest subunits with lengths of 10–100 nm can rearrange on time scales much shorter 
that the macroscopic gel will relax stress. The mechanism underlying this observation 
requires further investigation.  
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Chapter 5 
First Order Phase Transition of Fmoc-FF Molecules 
5.1. Introduction 
In previous chapters, we have suggested that gelation results from increasing 
attractions between particles experiencing a limited number of bonds. Simulation studies 
have shown that increasing the average strength of attraction between these particles can 
result in a critical point that occurs at vanishing particle concentration such that very 
slowly diffusing liquids can be formed at low volume fractions. These studies explore 
only the amorphous state and do not explore equilibrium ordered phases of particles 
experiencing a limited number of short-range attractions.  
In this chapter, we provide evidence that, when exposed to water, Fmoc-FF 
molecules in DMSO undergo a first order phase transition to form crystalline fibers of 
high aspect ratios. This crystalline morphology arises from anisotropic molecular 
interactions that give rise to substantial differences in surface tension at the ends and 
sides of the resulting crystals. Due to limitations of rates of mixing, upon initial addition 
of water, very high strengths of attraction are achieved, resulting in the formation of a 
metastable phase that is subsequently displaced by fiber formation.1 This initial phase is 
amorphous, and the ensuing formation of an ordered phase indicates that the crystalline 
phase has the lower free energy. Our results suggest that the soft solid mechanical 
response of the gels arises from the low number density of intermolecular (physical) 
bonds, and the ease of repairing structures damaged by mechanical disruption through 
rapid dissolution and recrystallization processes is enabled by high surface areas of the 
crystals.  
To build the case that Fmoc-FF molecules undergo a first order phase transition in 
forming fibers, we first seek to move from a description of gel line denoted by 
concentrations of water and Fmoc-FF at the gel point (Figure 5.1) to a phase diagram 
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where water concentration is converted to an effective strength of intermolecular 
interaction and a phase diagram where transitions can be denoted in terms of the strength 
of attraction between Fmoc-FF molecules and the Fmoc-FF concentration. With this 
information in hand, we demonstrate that the phase boundary of this molecule can be 
mapped onto generalized phase behavior seen for a variety of molecules and colloidal 
particles that experience isotropic and weakly anisotropic attractions. We further 
demonstrate that at constant strength of attraction, two phases are in equilibrium as the 
average concentration of the Fmoc-FF molecule is increased above the phase transition 
concentration. Finally, we show that there is a weak barrier to crystal nucleation and 
discuss this barrier in terms of the quasi-one-dimensional crystal nucleation that takes 
place in the studied system.  
 
Figure 5.1. Gel line of Fmoc-FF/DMSO/H2O system. 
Volume fractions of Fmoc-FF are determined as given in 
Eqs. (5.2) and (5.3). 
 
Below, we first describe theoretical and experimental studies of the phase behavior 
of small molecules and nanoparticles and how diffusivities can be used to characterize 
strength of interparticle attractions. We then proceed to describe our experimental 
methods and discuss our results where we link diffusion to strength of attraction and 
strength of NMR signal to freely diffusing molecule concentration. Finally, we draw 
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conclusions about the phase behavior of the gelator in the Fmoc-FF/DMSO/H2O system 
and propose the appropriate phase diagram. 
 
5.2. Phase Behavior of Nanoparticles and Small Molecules 
Detailed theoretical, simulation and experimental studies suggest that short-range 
isotropic attractions result in a phase diagram where liquid-liquid phase separation is 
always metastable relative to a fluid-crystal phase boundary.2-4 The spinodal defining a 
dilute-concentrated or liquid-liquid phase separation (analogous to a gas-liquid phase 
transition for single component systems) is metastable and occurs at concentrations larger 
(temperatures lower) than the crystallization boundary. Studied extensively for colloidal 
particles and proteins (diameters greater than 50 nm), the generalized nature of these 
phase transition boundaries has been extended to small molecules and proteins 
experiencing anisotropic interactions.5-11 The presence of the metastable liquid/liquid 
phase separation has been seen in proteins and small molecule systems. These studies 
suggest that at the same average strength of attraction, broad classes of Brownian 
particles display very similar solubilities.11-14 The metastable spinodal appears more 
sensitive to details of the molecular interactions than is the solubility.9,15  
Gelation in colloidal and protein solutions has been associated with rapid quenches 
into the spinodal of metastable liquid-liquid phase boundary that exists for particles 
experiencing short-range attractions. The increased mechanical strength of the gels is 
associated with low particle diffusivity in the dense, amorphous state resulting in 
aggregation of clusters into space-spanning structures. Aging and ultimate crystallization 
of these gels is then expected (and observed) as the system slowly relaxes into the lowest 
free energy minimum of a crystal in equilibrium with a dilute molecular solution. The 
key features we draw from this experimental and theoretical work are:  
(1) When molecules experience short-range attractions, as the strength of attraction 
is increased or the temperature is lowered, molecules will spontaneously phase 
separate into crystalline and dilute amorphous phases.   
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(2) At the same average strength of attraction, broad classes of molecules have the 
same solubility and a coexistence region exists that follows a lever arm rule 
relating the average concentration of the solute to the volume of the two 
equilibrium phases.   
(3) The formation of the crystal phase is associated with a nucleation event where 
there is a free energy barrier that must be transversed to form a critical nucleus. 
The existence of this barrier can be inferred by the existence of a delay time 
associated with crystal formation after a rapid quench to higher attractions or 
lower temperatures.  
(4) If the quench is strong enough, a metastable phase separation can take place 
which, given enough time, will relax into the equilibrium phases. 
We explore the application of these ideas to the Fmoc-FF/DMSO/H2O system. As 
the water concentration is decreased, higher Fmoc-FF concentrations are required to see a 
gel (Figure 5.1). Furthermore, at fixed Fmoc-FF volume fraction, increasing the amount 
of water in the system results in increased elasticity. These observations clearly indicate 
that water is responsible for increased attractions between the Fmoc-FF molecules and 
that there is a change of state of the Fmoc-FF molecules over a narrow change in water 
concentration. Previously, we demonstrated that the Fmoc-FF gel is reversible with 
respect to yielding upon intense mechanical agitation and melting with increases in 
temperature.1,16 The fibers are observed to form and fluctuate in local concentration over 
relatively short periods of time (minutes to hours).17  
Fmoc-FF is hydrophobic and insoluble in water, but dissolves to very high 
concentrations in DMSO (volume fractions approaching 0.5), resulting in stable 
solutions. In the presence of water, the peptide backbones form hydrogen bonds 
necessary to create beta sheets, while the aromatic nature of fluorenyl group and the 
amino acid side groups allow for π-π stacking interactions,18 which are highly anisotropic 
and short-range relative to the size of the Fmoc-FF molecule. Compact or chunky crystals 
are not formed when water is added to an Fmoc-FF/DMSO solution. Nevertheless, the 
produced fibers are ordered,18 suggesting that they can be treated as an equilibrium 
crystalline state formed from anisotropic particles experiencing short-range interactions. 
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We explore this hypothesis by comparing the phase behavior of the 
Fmoc-FF/DMSO/H2O system to other systems experiencing generalized phase behavior.   
This is done in several ways. First, we make a connection to previous studies 
showing that a wide variety of organic and inorganic molecules show very similar phase 
behavior when their solubilities are compared at the same average strength of attraction. 
Second, we show that the lever arm rule is operational in the gelled state. Finally, we 
measure the induction time for the formation of the fiber phase and again show 
consistency with classical nucleation theories used to describe phase transitions of small 
molecules and colloids. Each of these studies provides evidence that the 
Fmoc-FF/DMSO/H2O system undergoes a first order phase transition to form a highly 
anisotropic crystalline phase and that the large clusters observed in solution on rapid 
mixing with water are indicative of a quench into the spinodal of a liquid-liquid phase 
separation that relaxes with time towards an ultimate equilibrium state. 
 
5.3. Characterizing Strength of Attraction using Self-Diffusivity 
The volume fraction dependence of the long-time self-diffusivity of Fmoc-FF 
carries information about molecular interactions. The molecules diffuse more slowly if 
they spend time in close proximity where they are more strongly hydrodynamically 
coupled. Intermolecular attractions increase the time molecules spend at small 
separations, thus further slowing the rate of diffusion. In the dilute limit, assuming the 
molecules are spheres, the long-time self-diffusion coefficient, DS, is a linear function of 
molecule volume fraction:19-21 
 DS ≅ D0(1+ D2φ)  (5.1) 
where D0 = kT/6πµa is the Stokes-Einstein diffusivity assuming no-slip solid/fluid 
boundary conditions, φ is the molecule volume fraction, while D2 reflects hydrodynamic 
interactions between pairs of particles. If the particles experience attractions, the pair 
distribution will be altered such that pairs spend more time at smaller separations. 
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Stronger hydrodynamic coupling at small separations results in smaller values of D2 
(i.e. D2 becomes more negative). As discussed later on, we assume that under the dilute 
conditions, the particle pair distribution function is well approximated as 
g(r) = exp[-u(r)/kT] for r > σ, where u(r) is the pair interaction energy for particles of 
diameter σ with center-to-center separation r. For u(r) we use a square well potential and 
assume the particles are spheres and interact with  hydrodynamic mobility functions Aij(r) 
and Bij(r) for particles experiencing no-slip boundary conditions19,20 (see Appendix A). 
With these approximations we are able to use measurement of volume fraction dependent 
diffusivities to extract an estimate of interparticle attraction. As the particles experience 
anisotropic interactions, but are Brownian, we expect the average strength of attraction 
extracted from our approximations to be weighted towards the largest strength of 
attraction.  
Experimentally, DS can be measured using pulsed field gradient spin echo nuclear 
magnetic resonance (PFGSE NMR), employing diffusion-ordered spectroscopy (DOSY) 
measurements based on PFGSE sequences. The advantages of NMR spectroscopy are 
that it can be used to measure diffusion of small molecules, as well as its ability to 
provide signals of different molecules in the solution even at low concentrations.  
While we determine D2 in the dilute limit where Ds is a linear function of φ, we 
investigate translational diffusion in Fmoc-FF solutions at conditions approaching and 
above the gelation boundary and measure the gelation kinetics of slowly gelling samples 
using 1H NMR spectroscopy. We use the changes in static 1H NMR signal intensity over 
time as a measure of the conversion of Fmoc-FF molecules into solid structures in the 
gel. Using the obtained data, we explore the hypothesis of Fmoc-FF fibers being an 
equilibrium crystalline state and develop a phase diagram for the Fmoc-FF/DMSO/H2O 
system using simple fluid diffusion models and crystallization theories.  
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5.4. Experimental Methods 
5.4.1. Materials and Sample Preparation. Solid Fmoc-FF powder was purchased from 
Bachem (Bubendorf, Switzerland) and used without further purification. Dimethyl 
sulfoxide (99.5%, Sigma-Aldrich) and Milli-Q water were used in sample preparation for 
rheology measurements. For NMR measurements, deuterated solvents were used 
(deuterium oxide, D2O, and deuterated DMSO, (CD3)2S=O), obtained from Cambridge 
Isotope Laboratories Inc. For clarity and consistency purposes, the deuterated solvents 
will be referred to simply as DMSO and H2O throughout the text. Fmoc-FF was 
dissolved in DMSO at the desired volume fractions, calculated by: 
 
φFmoc−FF =
VFmoc−FF
VFmoc−FF +VDMSO +VH2O
 (5.2) 
VFmoc-FF is related to the measured mass of Fmoc-FF (mFmoc-FF): 
 
VFmoc−FF =
N AmFmoc−FF
M Fmoc−FF
Vmolecule  (5.3) 
where NA is Avogadro’s number, MFmoc-FF = 534.61 g/mol is the molar mass and 
Vmolecule = 0.487 nm3 is the estimated volume of a single Fmoc-FF molecule.22 
5.4.2. 1H NMR Gelation Kinetics Measurements. All NMR measurements were 
performed on a 750 MHz Agilent VNMRS NMR spectrometer, equipped with a 5 mm 
Varian 1H{13C/15N} PFG XYZ probe. The instrument was operated in liquid-state mode 
and controlled using VNMRJ software v3.2A. Compositions near the gel point were 
chosen at water concentrations xH2O = 0.25-0.40 (Figure 5.1), ensuring a sufficiently long 
gelation time to allow mixing and transfer to the NMR tubes  (≥ 0.5 hours). The solution 
was mixed with deuterium oxide and 700 µL was transferred into a 5 mm thin wall 
precision NMR sample tube (Wilmad-LabGlass). The sample tube was immediately 
placed into the NMR instrument and the collection of 1H spectra at selected time intervals 
was commenced. The first 1H spectrum was taken as the reference of the fully liquid state 
at time t = 0 for each sample. The final conversion to solid of each sample was 
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determined from the 1H spectrum taken after 14 days from the starting measurement. All 
spectra were taken at a pulse width of 90º.  
5.4.3. 1H DOSY (PFGSE) NMR Measurements. The self-diffusion coefficients were 
measured using the DOSY capabilities of the 750 MHz Agilent VNMRS instrument. The 
experiments were performed with liquid solutions at various Fmoc-FF volume fractions 
in both pure deuterated DMSO and solutions with deuterated water concentrations 
xH2O ≤ 0.40. PFGSE NMR utilizes the attenuation of the echo signal from a spin-echo 
pulse sequence containing a magnetic field gradient pulse at each period to determine the 
displacement of the observed spins on timescales of milliseconds to seconds.23,24 The 
self-diffusivity of the spins can then be correlated to the attenuation of the spin echo 
signal (see Appendix B for technique details). 
5.4.4. Rheology Measurements. Rheology experiments were performed on a 
TA Instruments DHR-3 rheometer with a Peltier plate and solvent trap, using a 4º/40 mm 
cone geometry. Fmoc-FF/DMSO solutions were prepared as previously described. As 
soon as water was added to the solution in a vial, the sample was mixed lightly and 
1.2 mL of the mixture was quickly transferred onto the rheometer. The rotating element 
was lowered into the measurement position and the experiment was started immediately. 
The evolution of the elastic modulus with time was measured at 25 ºC, at an oscillating 
strain of 0.005 and frequency 1 Hz. 
 
5.5. Results and Discussion 
The diffusion coefficients of Fmoc-FF in solution were determined from the 
exponential decays of the peak intensities (Figure 5.2). The measured diffusivities 
decrease with increasing Fmoc-FF volume fraction (Figure 5.3a) and increasing water 
concentration (Figure 5.3b). The data shown in Figure 5.3 represent the diffusive 
behavior of Fmoc-FF molecules in fully liquid solutions at compositions below the gel 
point. The values of D0 vary systematically with water concentration as expected for an 
increase in viscosity of the DMSO/H2O mixture25 and the Stokes-Einstein expression for 
no-slip boundary conditions (D0 = kT/6πµa) holds, suggesting a constant hydrodynamic 
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radius of 0.63±0.05 nm (Figure 5.3b). This is in relatively good agreement with the 
radius estimated for a hard sphere from simulated molecular volume22 
(Vmolecule = 0.487 nm3, amolecule = 0.49 nm). The disagreement is a result of the assumption 
that the Fmoc-FF molecule is a sphere (a better approximation would be a spheroid) and 
the fact that some solvent adsorption is expected on surface the molecule, thereby 
increasing its hydrodynamic size.26 As expected, the diffusivity decreases with increasing 
Fmoc-FF concentration, and at higher rates as water concentration increases. When 
normalized by D0 following Eq. (5.1), the line slopes of DS/D0 vs. φFmoc-FF in Figure 5.4 
correspond to D2. 
As discussed in the introduction, D2 can be used as a surrogate for the strength of 
pair interactions with more negative values indicating stronger pair attractions. Our 
results in Figure 5.4 thus suggest increasing strength of attraction with increasing water 
concentration. Greater strengths of attraction are associated with lower solubilities and 
previous studies have demonstrated that a range of molecules show similar solubilities at 
the same value of D2.11  
 
 
Figure 5.2. 1H DOSY spectra of Fmoc-FF in pure DMSO (φFmoc-FF = 0.027). The peaks shown correspond 
to the aromatic protons of the molecule (see Figure C1, Appendix C for full spectrum). 
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Figure 5.3. (a) Self-diffusivity DS obtained from 1H DOSY NMR as a function of Fmoc-FF volume 
fraction for various water concentrations; (a) Self-diffusivity as a function of water concentration at two 
Fmoc-FF volume fractions (one order of magnitude apart). 
 
 
Figure 5.4. Diffusion coefficients DS measured by 
1H DOSY NMR scaled by D0 for different water 
concentrations. The slopes of the lines correspond 
to the pair contribution of the scaled self-diffusivity 
D2, as according to Eq. (5.1). 
 
Figure 5.5. Red circles: self-diffusivity D2 of 
Fmoc-FF as a function of solubility φ for water 
concentrations xH2O ≤ 0.40; other symbols: 
generalized phase diagram data taken from 
He et al.11
  
 
0.00 0.02 0.04 0.06
0.0
0.5
1.0
1.5
2.0
0.0 0.1 0.2 0.3 0.4 0.5
0.0
0.5
1.0
1.5
2.0
(a)
D
S
 (1
0-
10
 c
m
2 /s
)
φFmoc-FF
increasing x H2O
(b) Hydrodynam
ic radius (nm
)
 DS(φ = 0.0027)
 DS(φ = 0.027)
 Hydrodynamic radius
D
S
 (1
0-
10
 c
m
2 /s
)
xH2O
0.00 0.02 0.04 0.06
0.0
0.5
1.0
1.5
2.0
0.0 0.1 0.2 0.3 0.4 0.5
0.0
0.5
1.0
1.5
2.0
(a)
D
S
 (1
0-
10
 c
m
2 /s
)
φFmoc-FF
increasing x H2O
(b) Hydrodynam
ic radius (nm
)
 DS(φ = 0.0027)
 DS(φ = 0.027)
 Hydrodynamic radius
D
S
 (1
0-
10
 c
m
2 /s
)
xH2O
0.00 0.02 0.04 0.06
0.6
0.7
0.8
0.9
1.0
         xH2O
 0.000
 0.050
 0.075
 0.10
 0.15
 0.20
 0.25
 0.30
 0.35
 0.40D
S
/D
0
φFmoc-FF
0.0 0.1 0.2 0.3 0.4 0.5
-40
-30
-20
-10
0
D
2
φ
  84 
Figure 5.5 shows a plot of D2 as a function of Fmoc-FF volume fraction at the gel 
point for water concentrations xH2O ≤ 0.40. As shown, the data obtained for Fmoc-FF 
compares well with that of He et al.11 for the crystallization boundary of a variety of 
small molecules in different solvents. These results demonstrate that Fmoc-FF follows 
the phase behavior of other crystallizing nanoparticles and molecules such as amino acids 
and globular proteins. We note difficulties in making direct comparisons with the data of 
He et al. due to employment of different methods of determining molecular volume. 
Changes in molecular volume impact the absolute value of D2 and volume fraction. The 
comparison given in Figure 5.5 shows remarkable agreement in phase behavior for a 
very wide set of organic and inorganic molecules providing some confidence that even 
with its highly anisotropic pair interactions, Fmoc-FF can be treated as particle 
experiencing short range attractions with the physical chemistry very similar to that seen 
in less anisotropic systems. Further comparisons require linking D2 to an average strength 
of attraction. This is done by assuming continuum approximations for the long time 
self-diffusivity. Let us assume that Fmoc-FF molecules can be treated as spherical 
particles. The repulsive and attractive forces can be described by a square well potential 
of strength of interaction ε and range of interaction δ: 
 
u(r) =
∞
−ε
0
⎧
⎨
⎪
⎩
⎪
r <σ
σ ≤ r <σ (1+δ )
r ≥σ (1+δ )
  (5.4) 
If the center-to-center separation is normalized by the particle radius such that r* = 2r/σ 
and δ is taken as the measure of the range, then D2 can be written as:11,20  
 
D2 = (−3+ A11 + 2B11)g(r
*)r*2 +
2
∞
∫
A11 − A12 − B11 + B12
r*
+ 1
2
dA11
dr*
−
dA12
dr*
⎛
⎝⎜
⎞
⎠⎟
⎡
⎣
⎢
⎤
⎦
⎥Q(r*)g(r*)r*2 dr*
2
∞
∫
 (5.5) 
where in the dilute limit g(r*) = exp[–u(r*)/kT], Aij and Bij are hydrodynamic mobility 
functions of r*, and Q(r*) is the perturbation of the pair distribution function.19 The first 
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term in Eq. (5.5) represents the short-time self-diffusivity correction, while the second 
term is the correction for long-time diffusion. The numerical solutions of Aij, Bij and Q(r*) 
are given by Batchelor19 and Jeffrey and Onishi20 (Appendix A). 
By taking the characteristic spacing between the peptide backbones (0.48 nm)1,18 as 
the measure of the range of interaction, we can estimate the strength of attraction by 
setting δ = 0.2. Thus we find the relationship between water concentration and the 
strength of attraction (Figure 5.6a) and plot kT/ε as a function of the solubility 
(Figure 5.6b, red circles). The faster-than-exponential dependence of ε/kT in Figure 5.6a 
shows that the strength of attraction is highly sensitive to water concentration. We 
attribute the appearance of the large amorphous clusters seen in initial mixing of water 
with Fmoc-FF/DMSO solutions to local water concentrations exceeding 0.4 where kT/ε 
drops dramatically. These conditions can be expected to push the solution into the 
spinodal where Fmoc-FF molecules will diffuse up concentration gradients and rapidly 
form clusters.  
Further evidence for the crystallization of the Fmoc-FF molecule can be drawn from 
determining that there is a coexistence region below and to the right of the solubility 
boundary in Figure 5.5. At fixed D2 (fixed strength of attraction), as the average volume 
fraction of Fmoc-FF in the system is increased, at equilibrium we expect that 
concentration of freely diffusing Fmoc-FF to remain a constant while the volume of the 
solid phase increases. We determine the concentration of freely diffusing Fmoc-FF using 
NMR measurements performed in liquid-state mode as the resulting signal is not 
responsive to non-diffusive molecules. Therefore, the concentration of free molecules in 
solution can be determined inside a metastable coexistence region, which can be defined 
by the peak area ratios.  
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Figure 5.6. (a) Dependence of the strength of attraction ε/kT on water concentration; (b) Phase diagram: 
red circles – liquid phase boundary evaluated from D2 measurements; hollow and full diamonds – liquid 
and solid boundaries determined using the lever rule in Eq. (5.8). 
 
 
Figure 5.7. Decrease in NMR signal intensity with time during gelation of Fmoc-FF (φFmoc-FF = 0.027; 
xH2O = 0.35); the areas under the peaks are proportional to the total number of spins in the liquid. 
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Figure 5.8. (a) Fraction of Fmoc-FF molecules bound in the solid phase (xH2O = 0.35) as a function of time 
calculated using Eq. (5.6); the solid lines are fits to a Boltzmann-type sigmoidal function given in Eq. (5.9). 
(b) Comparison between gelation kinetics measured by NMR and rheology for φFmoc-FF = 0.002 at two 
water concentrations. 
   
The fraction of molecules bound in solid structures at time t was calculated from the 
peak area A, using the spectrum taken at time t0 as a reference for the fully liquid state 
and averaging over n Fmoc-FF peaks: 
 
fbound = 1−
Ai(t)
Ai(t0 )
⎛
⎝⎜
⎞
⎠⎟i=0
n
∑   (5.6) 
Figure 5.7 shows spectra as a function of time for the frequency shift region 
associated with the aromatic features of Fmoc-FF.  Over time, the peak intensities and 
areas under the peaks decrease. Averaging over all Fmoc-FF peaks, we estimate the 
fraction of Fmoc-FF that is in a solid-state structure. The data is summarized in 
Figure 5.8a, which indicates that there is an induction time associated with the low 
probability processes leading to the formation of fibers, i.e. a nucleation event. These 
kinetic curves qualitatively follow the rheology kinetics measured at the same conditions 
(Figure 5.8b). The lagging of the modulus evolution curves compared to the crystal 
growth curves is due to the fact that the onset of macroscopic solid-like behavior arises 
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from interconnecting fibrous clusters, whereas the induction time in the fbound curves 
corresponds to the formation of a critical nucleus. 
At long times, as shown in Figure 5.8a, the bound fraction of Fmoc-FF molecules 
reaches a constant value. We evaluated the conversion to solid as the fbound of each sample 
determined at 14 days from the starting measurement. It is evident from Table 5.1 that, 
even at long times, not all of the peptide molecules are bound. We note that the self-
diffusivity of the freely diffusing Fmoc-FF molecules does not change significantly from 
the values seen before the gel transition takes place, indicating that they diffuse as 
monomers in the gelled state (Figure D1, Appendix D). This fraction of unbound 
molecules suggests that the system reaches an equilibrium, as expected for a material in a 
solid-liquid coexistence region. If this is the case, a lever rule can be applied to determine 
the liquid and solid phase boundaries (φL and φS) in the phase diagram: 
 
VS
VT
=
φ −φL
φS −φL
  (5.7) 
where VS and VT are the volume of the solid phase and total volume, respectively. We 
assume the volume fraction in the solid phase is that of densely packed Fmoc-FF 
molecules at a volume fraction of φmax. Here we choose φS = φmax = 0.52 (that for packing 
of hard spheres in a Bernal spiral),27,28 although the exact choice makes little difference to 
determination of φL. Eq. (5.7) can be re-written such that the product of Fmoc-FF volume 
fraction and fraction of bound molecules is a linear function of φ, in which the slope and 
intercept are functions of φL and φS (Figure 5.9):  
 
φ fbound =
φS
φS −φL
φ −
φSφL
φS −φL
  (5.8) 
Of particular interest in Figure 5.9 is that plots of φfbound versus φ are well 
approximated by straight lines. The slopes of these lines are close to unity, indicating 
φL/φS << 1. The linearity of the data indicates that in the two-phase region, as the average 
concentration of Fmoc-FF is increased, φS and φL are constant and only the volumes of 
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the solid and liquid phases change. We extract φL and compare this measure of the 
solubility with that determined from the gel points, and we see superposition 
(Figure 5.6b). These results are strongly suggestive of the coexistence of equilibrium 
phases in the gelled state.  
 
Table 5.1. Fraction of bound Fmoc-FF molecules after 14 days. 
xH2O = 0.25 xH2O = 0.30 xH2O = 0.35 xH2O = 0.40 
φ fbound φ fbound φ fbound φ fbound 
0.027 0.37 0.011 0.68 0.003 0.58 0.0016 0.76 
0.032 0.57 0.014 0.77 0.004 0.78 0.0019 0.83 
0.037 0.68 0.016 0.81 0.005 0.83 0.0022 0.83 
0.042 0.74 0.019 0.84 0.007 0.88 0.0025 0.86 
0.047 0.69   0.009 0.88 0.0027 0.87 
 
 
Figure 5.9. The product of the fraction of bound 
molecules and total Fmoc-FF volume fraction as a 
function of φFmoc-FF calculated from 1H NMR data. 
 
When water is mixed with the Fmoc-FF/DMSO solution, there is a delay before 
fibers are observed and a fraction of Fmoc-FF no longer freely diffuses. The resulting lag 
times shown in Figure 5.8a are indicative of a nucleation process where there is a free 
energy barrier to the formation of the solid phase. The measured induction times range 
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increasing Fmoc-FF and water concentrations. We extract induction times from the data 
by first fitting the curves in Figure 5.8a to a Boltzmann-type sigmoidal function of the 
form: 
 
fbound = fsat +
f0 − fsat
1+ exp((t − tc )/dt)
 (5.9) 
where f0 and fsat are the lower and upper plateau (fractions of bound molecules at time t0 
and at time t where fbound saturates), respectively, tc denotes the position of the center of 
the linear slope, and dt is a time constant. We then find the induction time tind at the point 
where the linear slope (where fbound = (f0 – fsat)/4dt) and the lower plateau would meet: 
 
tind =
4dt f0
fsat − f0
− 2dt + tc  (5.10) 
We note that as the supersaturation S = φ/φL increases, induction time tind decreases.  This 
behavior is reminiscent of crystal nucleation, where concentration fluctuations are needed 
to exceed a free energy barrier for the crystal phase to grow.  
Following classical nucleation theory, the free energy of formation of a solid phase 
of surface A is given by a sum of a negative bulk term and positive surface term:9,29-31 
 ΔG = nΔµ+ Aα  (5.11)  
where n is the number of monomers, ∆µ = –kTlnS is the change in chemical potential on 
forming the nucleus, S = φ/φL > 1 is the supersaturation, and α is the crystal-liquid surface 
tension. For a spherical nucleus, the bulk term decreases with nucleus size as R3 and the 
surface term increases as R2:  
 
ΔG = − 4/3πR
3
4/3πa3
kT ln S + 4πR2α  (5.12) 
The terms in Eq. (5.7) can be made dimensionless by the particle radius a and kT so that: 
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 ΔG
* = −R*3 ln S + 4πR*2α 2  (5.13) 
The free energy barrier to nucleation is defined by d(∆G*)/dR* = 0 at a dimensionless 
critical radius Rc*:  
 
Rc
* = 8πα
*
3ln S
 (5.14) 
Assuming that the induction time is a measure of the probability of a fluctuation resulting 
in the formation of a critical nucleus, the appropriate expression can be written as: 
 tind = Bexp(ΔGc
*)  (5.15) 
where B is a pre-exponential factor characterizing the rate of nucleation and ∆Gc* is the 
height of the free energy barrier evaluated at the critical size of the nucleus Rc*. 
Experimentally, we determine induction times from the kinetics measured by 1H NMR 
for a range of supersaturations (Figure 5.10a). The surface tension α* can be found from 
the slope of the linearized function derived from Eqs. (5.13) and (5.15): 
 
ln tind =
1
2
8π
3
⎛
⎝⎜
⎞
⎠⎟
3
α *3 1
(ln S)2
+ ln B   (5.16) 
This function is plotted for four different water concentrations in Figure 5.10b. The 
corresponding critical nucleus size is then calculated from Eq. (5.14). For short-range 
interactions, the strength of attraction can be related to the surface tension by:9 
 
α * = 3
(1+ bδ )2
ε
kT
 (5.17) 
where b is a constant < 1. Figure 5.10c shows the surface tensions determined from 
induction times for a spherical nucleus approximation given by Eq. (5.16), as a function 
of ε/kT obtained from D2 measurements (Figure 5.6a), with comparisons to literature 
data for a number of crystallizing systems.9 We note that the surface tensions we obtain 
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by using Eq. (5.16) are substantially lower than those observed in other systems, 
suggesting the barrier to nucleation is unexpectedly small. In making these comparisons, 
we emphasize that we are comparing systems that have the same solubilities at the same 
average strength of attractions, as indicated in Figure 5.5. As a result, we seek an 
explanation in the details of this Fmoc-FF system that differentiates it from the other 
systems with such similar equilibrium behavior. 
 
Figure 5.10. (a) Induction times determined from fits of fbound(t); (b) Linearized functions of tind; 
(c) Dimensionless surface tensions α* determined from Eq. (5.16) for ε/kT obtained from D2 measurements 
and comparison with literature data.9  
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There are several potential explanations for this observation. First, heterogeneous 
nucleation may come into play, lowering the barrier to nucleation and thus reducing the 
effective surface tension. The most probable source of hetero-nuclei would arise from the 
initial precipitate. However, small angle X-ray scattering studies demonstrate that 
gelation is taking place from solutions where these precipitates have completely 
dissolved.1,17  
A second reason the crystals may nucleate more rapidly stems from the 
quasi-one-dimensional nature of the nuclei. Consider the nucleus as a cylinder of length L 
and radius R; the free energy then becomes: 
 
ΔG = − πR
2L
4/3πa3
kT ln S + (2πRLα side + 2πR
2α end )  (5.18) 
or in dimensionless form: 
 
ΔG* = − 3
4
R*2L* ln S + 2πR*L*α side
* + 2πR*2α end
*  (5.19) 
where α*side and α*end are the surface tensions at the sides and ends of the cylinder, 
respectively. If R* is independent of S, ∆G* becomes either progressively more positive 
with increasing length (linear function in the second term) or progressively more negative 
with increasing length (linear function in the first term). At the supersaturation where 
∆G* drops below zero, this structural model of the nucleus predicts a critical nucleus that 
is the size of a monomer and no induction times will be observed. 
This simplistic model demonstrates that changes of the critical nucleus structure can 
fundamentally change the barrier to nucleation. In a simulation study of growth of 
amyloid fibers, molecules were course grained as a rectangular cuboid with faces having 
three different interaction energies, and one face much more attractive than the other two. 
Fibers were nucleated but the nucleus appeared to require a three-dimensional quality, 
suggesting the rectangular cylinder structural model may not reflect the structure of a 
critical nucleus.32   
  94 
Allowing both the radius and the length to vary yields a nucleation barrier at a 
saddlepoint in the R*-L* plane (Figure 5.11) where d(∆G*)/dR* = 0 and d(∆G*)/dL* = 0, 
yielding: 
 
Rc
* = 8π
3
α side
*
ln S
  (5.20) 
 
Lc
* = 16π
3
α end
*
ln S
 (5.21)  
This results in a nucleation barrier of ∆G* ~ (α*side)2α*end/(lnS)2. The aspect ratio of 
the critical nucleus is then determined as Lc*/Rc* = α*end /α*side.  We would expect the 
surface tension to be determined by the bond strength and the equilibrium fiber shape to 
be stabilized by low side surface tensions;33 thus, we can assume 
α*end /α*side = εend/εside = K, where εend and εside are the bond energies gained when a 
molecule binds at the end or the side of a fiber. As D2 measurements are made under 
dilute conditions, where the pair distribution function is dominated by the strongest 
strength of attraction, we assume εend/kT ~ ε/kT. With this assumption, the surface tension 
measured by induction times can be well approximated by (1/K)2(ε/kT)3. By relating the 
strength of attraction at the ends of the fiber to those obtained from D2 measurements 
(εend = ε) and finding α*end from Eq. (5.17), the ratio K can be found from the slope of: 
 
ln tind =
128π 3
9
1
K 2
α end
*3 1
(ln S)2
+ ln B  (5.22) 
For the measured water concentrations xH2O = 0.25-0.40, the end/side ratio of the surface 
tensions takes values in the range K = 35-80, suggesting a decrease in the free energy 
barrier to nucleation of three orders of magnitude. As a consequence, the induction times 
observed at low to modest supersaturations for Fmoc-FF are substantially faster than 
those measured for crystallization of systems such as globular proteins.9  
 
  95 
 
Figure 5.11. (a) The free energy barrier ∆G* to the formation of a critical cylindrical nucleus in 3D space 
defined by a saddlepoint at critical size (Rc*, Lc*) at supersaturation S = 1.3, α*end = 4.23, K = 40; (b) 
Orthogonal projection onto the R*-L* plane.
 
 
5.6. Conclusions 
Fmoc-FF molecules in mixtures of DMSO and water experience anisotropic 
interactions resulting in highly elongated crystals. The volume fraction dependence of the 
long-time self-diffusivity, characterizing molecular interactions, follows the phase 
behavior typical of crystallizing nanoparticles and molecules such as amino acids and 
globular proteins. Interpreting the experimentally determined diffusivity of Fmoc-FF 
using simple fluid theories allows for estimating the strength of attraction between the 
particles and relating it to water concentration. At the same average strength of attraction, 
broad classes of molecules display very similar solubilities. These results show that 
equilibrium behavior is dominated by the strongest attraction for particles that have a 
variety of attractive sites.  On the other hand, we also show that at the same solubility 
(strength of attraction) and same supersaturation, the Fmoc-FF molecules nucleate 
crystals much faster than observed with less anisotropic molecules, indicating that 
nucleation is dominated by the weakest points of attraction. This allows us to conjecture 
that the greater the difference between the strengths of attraction of sites on a particle, the 
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more anisotropic will the resulting crystalline phase be and the faster this phase will 
nucleate at the same average strength of attraction and supersaturation. 
In understanding the full phase behavior of the Fmoc-FF/DMSO/H2O system, we 
keep in mind that when initially mixed, precipitates are formed that are metastable to 
redissolution and the formation of a single stable phase, or are lost as fibers nucleate and 
grow.1 We interpret this existence of a clearly metastable phase as arising from crossing 
the spinodal of a liquid-liquid phase boundary. Having large diffusivities, the Fmoc-FF 
molecules can rearrange quickly and attain a minimum free energy by crystallization. As 
a result, the metastable clusters are short-lived, and the location of this phase boundary 
cannot be captured quantitatively. 
In light of the observations presented here, and taking into account the highly 
ordered molecular packing of Fmoc-FF molecules in the fibers, we conclude that the 
fibers can be treated as an equilibrium crystalline state arising from a first order phase 
transition of Fmoc-FF molecules upon the addition of water to the solution. The fibrillar 
nature of the crystals is attributed to the very different surface tensions on the faces of the 
resulting crystal, where we estimate that the ends of the fibers have surface tensions 
30-80 times that of the fiber sides. The outcome of this imbalance is the formation of 
highly elongated crystals. Should solvent conditions be found where the interfacial 
tensions are closer in value we expect less elongated crystals and the loss of the ability of 
the Fmoc-FF to act as a gelator. This concept will be further explored in our following 
publications. When a fiber is broken by mechanical disruption, unfavorable surfaces are 
created, which initiates re-growth either by binding molecules that are free in solution or 
at the expense of a smaller fiber fragment by an Ostwald ripening-type process.  
We propose that the Fmoc-FF/DMSO/H2O system can be described by a phase 
diagram given in Figure 5.12. Below the supersaturation conditions (S < 1, point A in 
Figure 5.12), increasing attractions by adding a small amount of water will result in a 
quench into the spinodal (point B) due to high attractions in local regions. The 
amorphous clusters will redissolve as mixing effects take over and water is evenly 
distributed throughout the solution, and the system remains a colorless liquid solution 
(C).31 At low to moderate water concentrations and supersaturations (1 ≤ S < 10, 
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point D), increasing attractions will again result in an initial formation of an amorphous 
precipitate (E), followed by redissolution to point F in the crystal-liquid coexistence 
region, where nucleation occurs and a first order phase transition takes place (F', F"). 
Hence, the solution first turns opaque, then clear, and finally gels. At high 
supersaturations (S > 10) and water concentrations (G), a rapid quench to strong 
attractions places the system into the spinodal (H), and the fibers nucleate from the phase 
separated state (H', H"). This is observed as the solution turning opaque, gelling while 
still opaque, and then becoming translucent as the phase transition proceeds.16 
 
Figure 5.12. Proposed phase diagram for the Fmoc-FF/DMSO/H2O system. 
 
 
In generalizing these results, we suggest that molecular gelators can be considered 
as disks or short rods. The ability of these particles to form a fibrillar network will 
depend on the degree to which face-to-face interactions are preferred to side interactions. 
In the Fmoc-FF/DMSO/H2O system, this imbalance of forces stems from the H2O/DMSO 
ratio. Therefore, the anisotropic character of the formed structures will depend not only 
on the inherent nature of the gelling molecule, but also on how it interacts with the 
surrounding solvent. 
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Chapter 6 
Effects of Solvents on the Phase Behavior of Fmoc-FF 
6.1. Introduction 
In Chapter 5, we have described the phase behavior of the Fmoc-FF/DMSO/H2O 
system. The observations reported therein are consistent with gelation being associated 
with a first order phase transition where the addition of H2O increases the Fmoc-FF 
attraction and thus lowers the Fmoc-FF solubility. We have shown that the highly ordered 
Fmoc-FF fibers can be considered an equilibrium crystalline state and that the lever rule 
holds in the crystal-liquid coexistence region. Further, classic nucleation theory applied 
to cylindrical critical nuclei can be applied to explain the induction time required between 
the time for the onset of fiber growth and addition of water. Based on this interpretation, 
we have estimated the ratio of the surface tensions acting on the ends and sides of the 
fiber. We find this ratio is large leading to quasi-one-dimensional crystal growth, and 
related it to the concentration of water in the system.  
In the previous chapters, we have focused attention on addition of water to a 
DMSO/Fmoc-FF system and the potential effects of the solvent (DMSO) in the system 
have been neglected. The role of the solvent in the short peptide-based gel literature has 
been largely overlooked. Adams et al. investigated properties of Fmoc-FF gels in four 
different solvents mixed with water, reporting only qualitative changes.1 Here we show 
that the solvent plays an important role in determining if the dipeptide molecule 
self-assembles into fibers. In this chapter, we focus on how the phase behavior of 
Fmoc-FF is affected by the type of solvent used. We employ a variety of solvents 
featuring a wide range of characteristic interactions. Our findings indicate that:  
(1) Gels can be produced by thermal effects in the absence of water in highly apolar 
solvents. 
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(2) Different crystalline structures (anisotropic fibers as well as chunky crystals) can 
be produced when DMSO is replaced with certain solvents. 
(3) The observed solvent effects can be understood using Hansen solubility 
parameters as a measure of solvent-solute interactions. 
Solvents are commonly characterized by properties such as the dielectric constant, 
dipole moment, Hamaker constant, and surface tension. Approaches have been developed 
in which multiple characteristics are considered to determine the overall solvent 
properties, such as Kamlet-Taft parameters and Hansen solubility parameters, which are 
either tabulated or calculable. 
In particular, Hansen solubility parameters describe three types of molecular 
interactions: dipole-dipole (δp), capacity to form hydrogen bonds (δh), and strength of 
dispersive or van der Waals interactions (δd).2 Any given solvent for which these three 
parameters are known can be represented as a point in a 3D space in which the axes are 
defined by δh, δp and δd, referred to as the Hansen space. The solubility of a solute A in 
solvent B is defined by the distance R between the two points in the Hansen space:2 
 
R = (δ p
A −δ p
B )2 + (δ h
A −δ h
B )2 + 4(δ d
A −δ d
B )2   (6.1) 
Hence, if the parameters for the solute are known, the approach can be used as a 
predictive tool for the selection of appropriate solvents. When the solute parameters are 
unknown, they are established by finding a number of solvents in which the substance is 
soluble or insoluble, plotting their coordinates in Hansen space, and determining a sphere 
that encompasses as many solvents as possible in which the solute dissolves. The 
coordinates of the center of that solubility sphere are then considered to be the Hansen 
parameters of the solute.2-3 
Recently, several studies have used Hansen solubility parameters to investigate 
gelation of low molecular weight organic gelators showing that, in addition to soluble and 
insoluble regions, one or more gelation spheres can be identified in the Hansen space.3-7 
We employ this approach to study the phase behavior of Fmoc-FF in various solvents, 
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with the aim of using the physical meaning of the individual Hansen solubility 
parameters to interpret the solvent-solute interactions present in the system. 
 
6.2. Methods 
6.2.1. Sample preparation. All samples were prepared at a fixed Fmoc-FF volume 
fraction of φFmoc-FF = 0.008 by suspending the appropriate mass of the solid peptide in 
1 mL of solvent. In some cases, the suspension was heated (no higher than 75 ºC) to 
facilitate dissolution. If Fmoc-FF did not dissolve at this temperature, the behavior in the 
given solvent was labeled as “insoluble”. The heated solutions were allowed to cool back 
to room temperature and left to stand overnight, after which the phase behavior was 
noted. For mixtures of different solvents with water, the desired mass of Fmoc-FF was 
first fully dissolved in the solvent, followed by addition of the appropriate amount water, 
and left to stand overnight. The solvents used, their Hansen solubility parameters, and the 
observed phase behavior are summarized in Table 6.1. 
6.2.2. Confocal Fluorescence Microscopy. A small amount (40 ppm) of Nile Blue 
fluorescent dye was added to the solution. Immediately upon mixing the solution with 
water, 50 µL of the mixture was transferred into a glass bottom dish (MatTek Corp.) and 
covered with a lid. The sample was loaded onto a Zeiss LSM 700 confocal microscope 
and images were taken using a 63x magnification oil immersion objective at 639 nm 
excitation wavelength. In the case of solvents in which the dye was insoluble (apolar 
solvents such as benzene and toluene), the peptide was pre-dyed. This procedure involved 
dissolving the Fmoc-FF and dye in a highly volatile solvent (acetone) and heating the 
solution under vacuum until all the solvent had evaporated. The dyed solid powder was 
then dissolved in the desired apolar solvent. 
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6.3. Results and Discussion 
The solubility of Fmoc-FF at a volume fraction of φFmoc-FF = 0.008 was tested in 15 
different solvents and mixtures of solvents with water. The outcomes are classified in the 
following categories: 
• Insoluble: The Fmoc-FF powder does not dissolve in the solvent even when the 
suspension is heated to 75 ºC (Figure 6.1a). 
• Soluble: Fmoc-FF fully dissolves in the solvent and remains a stable, colorless 
solution after equilibrating at room temperature overnight (Figure 6.1b). 
• Gel: Fmoc-FF fully dissolves in the solvent when heated up to 75 ºC and forms 
a gel upon cooling to room temperature (Figure 6.1c). 
• Crystals: Fmoc-FF fully dissolves, but overnight chunky crystals are grown 
either from the solution (Figure 6.1d) or from the gel phase (Figure 6.1e). 
 
 
Figure 6.1. Different observed scenarios of Fmoc-FF phase behavior in various solvents. 
 
 
The investigated solvents, corresponding Hansen solubility parameters (referred to 
as HSPs from hereon), and resulting phase behavior in the binary Fmoc-FF/solvent 
system are summarized in Table 6.1. The solvents can be represented as points in the 
Hansen space with coordinates (δh, δp, 2δd) (Figure 6.2a). The points are assigned 
different colors to indicate the phase behavior of Fmoc-FF (black: insoluble, 
blue: soluble, red: gel, green: crystals).  
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Table 6.1. HSPs of the investigated solvents and resulting phase behavior. 
No. Solvent δp δh δd Result 
1 Water 7.82 20.68 7.63 insoluble 
2 Dimethyl sulfoxide (DMSO) 8.02 4.99 9.00 soluble 
3 Acetone 6.08 3.42 7.58 soluble 
4 Methanol 6.01 10.9 7.38 crystals 
5 Dimethyl formamide (DMF) 6.70 6.52 8.51 soluble 
6 Ethanol 4.30 9.48 7.72 crystals 
7 Hexafluoroisopropanol (HFIP) 2.41 13.89 14.17 soluble 
8 Benzene 0.00 0.98 9.00 gel 
9 Toluene 0.68 0.98 8.80 gel 
10 Hexane 0.00 0.00 7.28 insoluble 
11 Chloroform 0.00 0.00 17.8 gel 
12 Dichloromethane 3.08 2.98 8.90 gel 
13 Acetonitrile 8.80 2.98 7.48 crystals 
14 Tetrahydrofuran (THF) 2.79 3.91 8.21 soluble 
15 Cyclohexane 2.00 6.60 8.51 insoluble 
 
 
Table 6.2. Phase behavior of Fmoc-FF in ternary systems. 
xH2O DMSO Acetone Methanol DMF Ethanol HFIP 
0 soluble soluble soluble soluble crystals soluble 
0.1 soluble soluble crystals soluble crystals crystals 
0.2 soluble soluble crystals soluble crystals crystals 
0.3 gel soluble crystals soluble crystals crystals 
0.4 gel gel crystals crystals crystals gel 
0.5 gel gel crystals crystals crystals gel 
0.6 gel gel gel crystals gel gel 
0.7 gel gel gel gel gel gel 
0.8 gel gel gel gel gel gel 
0.9 gel gel gel gel gel gel 
1 insoluble insoluble insoluble insoluble insoluble insoluble 
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Figure 6.2. Phase behavior of Fmoc-FF in (a) different solvents and (b) ternary mixtures (mixtures of 
select solvents and water) represented in Hansen space (black: insoluble, blue: soluble, red: gel, 
green: crystals). 
 
The results for ternary systems (Fmoc-FF/solvent/H2O) are summarized in 
Table 6.2 and presented graphically in Hansen space in Figure 6.2b. The HSPs for 
solvent/water mixtures were determined assuming a linear relationship:3 
 
δ H2O = xH2Oδ H2O + (1− xH2O )δ solvent   (6.2) 
The first major observation from these investigations is that gels can be produced in 
the absence of water. This is evidenced in apolar and borderline-polar solvents such as 
benzene, toluene, chloroform, and dichloromethane. In these solvents, Fmoc-FF can be 
dissolved at elevated temperatures (up to 75 ºC). Upon cooling to room temperature, a 
transition into a translucent gel (Figure 6.1c), similar to that seen in 
Fmoc-FF/DMSO/H2O, indicating that a similar fibrous structure is formed. This is 
confirmed by confocal microscopy (Figure 6.3). The gel transition is very rapid in 
benzene and toluene (< 1 min) and somewhat slower (~ 30 min) in chloroform and 
dichloromethane. No signs of amorphous precipitate formation is observed in any of 
these solvents, which suggests that the temperature quench is sufficiently slow to avoid 
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the possibility of crossing of the phase separation boundary at this volume fraction, but 
rapid enough to achieve nucleation at short induction times in benzene and toluene.  
 
Figure 6.3. Confocal microscopy images of gels in different solvents. Top row: DMSO, 
acetone, methanol; bottom row: HFIP, benzene, toluene. Scale bars represent 10 µm. 
 
The second interesting feature of solvent effects is observed in the formation of 
chunky, spherical-like crystals in mixtures of water with methanol, ethanol, DMF, and 
HFIP. At low water concentrations, signs of an amorphous white precipitate are shown, 
after which the solution quickly becomes clear again and floating crystals are nucleated 
from the solution (Figure 6.1d) at induction times on the order of hours (days in DMF). 
This indicates that the initial quench crosses into the spinodal and that the redissolution of 
the amorphous precipitate places the system at a point where the solubility boundary is 
crossed (S > 1) and crystallization takes over. The fact that chunky crystals are grown 
instead of fibers of high aspect ratios suggests that the surface energies of the ends and 
sides are similar, hence the barrier to nucleation is high and long induction times are 
observed, which is consistent with the ideas presented in Chapter 5 for the 
Fmoc-FF/DMSO/H2O system. 
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On addition of moderate water concentrations, a clear gel is formed as the 
amorphous precipitate dissolves within less than 5 minutes. Over a time of several hours, 
chunky crystals are grown from the gel phase (Figure 6.1e). In methanol and ethanol, 
over long times the gel phase disappears completely and millimeter-sized crystals are left 
floating in liquid. This transition can take hours to days, longer times corresponding to 
higher water concentration). In DMF, the crystals grow over long times until the entirety 
of the sample appears crystalline (Figure 6.1f). However, at high enough water 
concentrations, gels that are stable over long times are formed (Figure 6.3).  
Based on the presented observations, it is clear that Fmoc-FF has two polymorphs: 
elongated fibers and chunky crystals. The exact mechanism of the transition between the 
two polymorphs is unclear. Ostwald’s law of stages suggests that the polymorph that 
crystallizes first is the least stable.8 In light of this as well as the ideas introduced in 
Chapter 5, one explanation is that the nucleation barrier to the formation of fibers is lower 
due to a high ratio of end/side surface energies, thus driving the formation of fibers at 
short induction times. The chunky crystals can either be: (a) nucleated from the 
remaining free molecules in solution, or (b) formed from the existing fibers. Mechanism 
(a) would mean that once the high nucleation barrier for growth of isotropic crystals is 
overcome, the subsequent crystalline structure would be at a lower free energy minimum. 
The growth of these chunky crystals would then presumably proceed following an 
Ostwald ripening process in which the crystals are grown at the expense of the fibers as 
the molecules try to minimize their surface area.8 Mechanism (b) would imply that side 
interactions of fibers are strong and that local restructuring can take place as the fibers 
come together.  
It is evident that the second energy minimum corresponding to the chunky crystal 
polymorph is only attainable under certain solvent compositions, meaning that the barrier 
to the transition between the two polymorphs is controlled by specific solvent-solute 
interactions. In order to clarify the conditions under which a certain phase behavior is 
expected, we can define spherical domains in the Hansen space that capture solubility, 
gelation, and crystal formation. Theoretically, spheres indicating different phase behavior 
should be positioned concentrically around the HSP coordinates of the solute and the 
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outcome is defined simply by the distance R in Eq. (6.1).2-3 However, it has been shown 
that more than one gelation sphere can observed and that different polymorphs can be 
formed in different domains in the Hansen space.5,7 In fact, the domains in these cases do 
not necessarily have to be of spherical shape, but spheres are commonly used as the most 
facile approximation. 
With this in mind, the insoluble domain can be thought of as a plane instead of a 
sphere, as it is obvious from Figure 6.2b that points placing below 2δd ≈ 14.5 will not 
allow solubility due to insufficient dispersion forces (van der Waals interactions) in the 
system. In Figure 6.4 we define spherical domains for the other observed outcomes in 
binary and ternary systems of Fmoc-FF (soluble, gel, crystals), maintaining the 
previously introduced color scheme. Raghavan et al. have developed MATLAB program 
for the determination of optimal position and radius of a sphere in Hansen space based on 
the solubility data,3 which they have kindly made available to us.  
Fitting the soluble points in 3D space and considering all other states to be 
insoluble, we obtain the domain in which Fmoc-FF is soluble, represented by the blue 
sphere in Figure 6.4. The center of this sphere corresponds to the approximate HSPs of 
Fmoc-FF: (δh, δp, 2δd) = (4.25, 7.10, 19.44). The concentric black sphere around it 
represents the insoluble states. Thus, any point in the Hansen space at a distance R > 5.3, 
i.e. any solvent with HSPs lying outside this sphere, will be considered an insoluble state 
for Fmoc-FF. As these conditions were established at a fixed volume fraction of 
Fmoc-FF, we would in principle expect the soluble sphere to shrink with increasing 
volume fraction and the other sphere to grow, and vice versa with decreasing volume 
fraction. 
Next, let us consider the different insoluble states. In Figure 6.2b, two separate gel 
domains (red) can be observed – one encompassing the apolar solvents, and the other 
corresponding to ternary systems at moderate to high water concentrations in the mixture. 
Fitting these points yields two optimal gel spheres, centered at (7.1, 16.8, 17.75) and 
(0.3, 3.0, 14.8) in Figure 6.5. The sphere denoting chunky crystal formation (green) is 
positioned between the two gel spheres and has the coordinates (3.8, 11.9, 21.0).  
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Figure 6.4. Concentric spheres of Fmoc-FF solubility (blue) and 
all cases of insoluble states (black) in Hansen space. 
  
 
 
Figure 6.5. Hansen spheres drawn for different states of solubility. 
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The spaces defined in Figure 6.5 facilitate visualization and allow us to interpret 
solvent-solute interactions in light of the physical concepts behind the Hansen solubility 
parameters. Let us consider the structure of Fmoc-FF given in the inset of Figure 6.5. 
The molecule can be thought of as amphiphilic – the peptide backbone will be prone to 
hydrogen bond and dipole-dipole interactions due to the presence of hydroxyl and amino 
groups. On the other hand, the molecule will also display a highly hydrophobic, apolar 
character arising from the aromatic features, whose interactions are primarily modulated 
by dispersion forces. Consequentially, Fmoc-FF will be soluble in solvents in which these 
interactions are balanced. In other words, the ability of a particular solvent to solubilize a 
molecule can be thought of as the capacity of the solvent molecules to compete with the 
interactions that the molecules of the solute feature with one another. 
With this in mind, it is now easy to understand the gelation of Fmoc-FF in apolar 
solvents such as benzene and toluene. As we shift in Hansen space from the blue 
solubility sphere to the red gel sphere at (0.3, 3.0, 14.8), hydrogen bonding and polar 
capacities of the solvents are reduced, and dispersion interactions are increased. 
Therefore, high dispersion forces allow the peptide to be dissolved at elevated 
temperatures and there is no competition for hydrogen bonding between Fmoc-FF 
molecules, thus allowing the formation of ß-sheets as the temperature is lowered and 
attractions are increased. Owing to the anisotropic features of the molecule, 
unidirectional growth proceeds via a combination of hydrogen bonding and π-π stacking.9 
When moving from the blue sphere to the other red gel sphere in the direction of 
increasing δh, two possible effects can take place. First, decreasing dispersion forces 
going from DMSO to water results in reducing competing interactions of the solvent with 
the aromatic groups of Fmoc-FF, allowing π-π stacking of the molecules to take over. 
Second, since there are now three components in the system (Fmoc-FF, solvent, and 
water), moving in the direction of increasing hydrogen bonding interactions can result in 
the competition of all three species. As the water concentration is increased, it could be 
expected that DMSO will preferentially hydrogen bond with water, hence allowing the 
Fmoc-FF molecules to form ß-sheets by forming hydrogen bonds with one another.  
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The appropriate balance of the H-bond/polar and dispersion interaction forces of a 
particular solvent will thus result in the dissolution of the amphiphilic Fmoc-FF 
molecule. When the balance is shifted in favor of stronger dispersion forces, gels are 
formed due to hydrogen bonds between the peptide molecules taking over. When the 
balance is shifted to higher H-bond/polar interactions of the solvent, π-π stacking of the 
fluorenyl groups initiates the gel transition. In both cases, the imbalance of the forces 
induces face-to-face interactions resulting in one-dimensional growth of fibers. Similar 
observations have been made in simulations of nucleation and growth of amyloid fibers, 
in which face-to-face interactions are favored and side interactions are limited by a 
non-parallel repulsive energy term to allow for unidirectional growth.10-12 
A special case arises with the formation of chunky crystals (green sphere in 
Figure 6.4). The increasing distance from soluble conditions (blue sphere) in the 
direction of the green sphere results in decreasing solubility. However, once the solubility 
boundary is crossed, the H-bond/polar and dispersion interactions are still balanced and 
therefore no preferential directional interaction will induce one-dimensional growth. 
Instead, isotropic crystal growth will be favored. This is consistent with the expectation 
drawn from the role of differential surface energies of the ends and sides of the crystal 
giving rise to a quasi-one-dimensional nucleus for the gelling systems.   
 
6.4. Conclusions  
Solvent effects are often overlooked in the peptide-based gel literature. We have 
demonstrated that the phase behavior of a gelator molecule in a solvent or mixture of 
solvents depends on a balance of interaction forces of all the molecules present in the 
system. In some solvents, Fmoc-FF is capable of forming both metastable anisotropic 
fibers (solid lines in Figure 6.6) and chunky crystals (dashed lines). We expect the ability 
of the system to transition from one state to the other to depend on the barrier between 
the two energy minima. In DMSO, chunky crystals are not attainable, indicating that the 
anisotropic interactions trap the molecules in a deep energy minimum. In solvents such as 
methanol and ethanol, transitioning from fibers to chunky crystals is less costly at low 
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water concentrations, rendering the fibrous gel state metastable. Anisotropic growth 
arises from face-to-face interactions; therefore, crystals of high aspect ratios can be 
achieved only if side interactions are limited. This is directly related to the competing 
interactions of the solvent molecules with the attractive features of the gelator. Hence, the 
design of a new molecule with hydrogen bonding and π-π stacking capabilities for a 
specific application requires the solvent-solute interactions to be taken into account.  
 
 
Figure 6.6. Possible phase diagram for metastable fibers and stable isotropic crystals. 
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Chapter 7 
Conclusions 
We have presented a detailed study of molecular gels using solutions of the 
dipeptide gelator Fmoc-diphenylalanine as a model system. We find that the addition of 
water to the solution of Fmoc-FF in DMSO increases the strength of attraction and results 
in the self-assembly of the gelator molecules into a space-filling fibrous network, giving 
rise to gel formation. We establish conditions at which gels are formed, ranging from 
volume fractions as low as 10–4 and find that the values of the elastic modulus are 
remarkably high (~104-105 Pa) at low volume fractions (< 0.01). The elasticity follows a 
robust scaling with volume fraction growing as φ2.5 consistent with similar peptide-based 
systems and in reasonable agreement with predictions of dynamic localization theories. 
Furthermore, the gels are able to recover their elasticity after mechanical disruption, as 
well as reform after melting. This reversible nature of the gels, the observed tendency of 
the network to grow more uniform with aging, and the information gathered from 
nanoscale dynamics all suggest that the gelled state of Fmoc-FF molecules are an 
equilibrium structure. These concepts were further explored within the context of 
simulations of patchy particles that predict the disappearance of the spinodal region at 
low coordination numbers and the formation of equilibrium gels without an interfering 
phase separation. 
However, evidence for the existence of a spinodal in the Fmoc-FF/DMSO/H2O 
system can be observed in the formation of the amorphous white precipitate upon the 
addition of water. This short-lived metastable state is displayed as the formation of 
spherical aggregates 1-2 µm in size. At conditions below the gel point, the aggregates 
quickly redissolve as mixing effects take over and water is distributed evenly in the 
system. At high enough Fmoc-FF volume fractions, the fibers nucleated from the solution 
rapidly grow at the expense of the spheres. The lifetime of the metastable state becomes 
longer with increasing water concentration, indicating a deeper quench into the spinodal. 
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The diffusivity of Fmoc-FF in mixtures of DMSO and water follows the phase 
behavior typical of crystallizing nanoparticles and molecules such as amino acids and 
globular proteins. At low supersaturations, there is clear evidence of a lag time associated 
with the existence of a free energy barrier to nucleation. The measured fraction of bound 
molecules suggests a fluid-solid coexistence region. In addition, the molecular packing of 
the Fmoc-FF molecules in the fibers is highly ordered. These observations are indicative 
of phase behavior consistent with a first order phase transition. 
The formation a molecular gel can thus be described by introducing an ansatz into 
classical nucleation theory. The driving force for the nucleation and one-dimensional 
growth of a fiber can be inferred from the difference in the surface energies of the ends 
and the sides of a cylindrical nucleus, and grow with concentration of water in the 
system. However, specific face-to-face interactions of the gelator molecules are required 
to achieve one-dimensional growth, which can be heavily modulated by the competing 
interactions of the solvent with the gelator molecule.  
Therefore, we conclude by emphasizing a few principles imperative for design of 
potential new gelators. The first order phase transition of a molecule in a solvent or 
mixture of solvents depends on a balance of interaction forces of all the species in the 
system. Anisotropic growth resulting in crystals of high aspect ratios will be preferential 
to isotropic crystal growth only if side interactions are limited. Hence, the design of a 
new molecule with hydrogen bonding and π-π stacking capabilities for a specific 
application requires the solvent-solute interactions to be taken into account. Controlling 
the strength of attraction in a system where polymorphs are possible can be the key of 
achieving long-term stability and shelf-life. Finally, self-healing in molecular gels is a 
useful and desirable characteristic of molecular gels. Mechanical disruption creates 
unfavorable surfaces, thus preferential face-to-face interactions are again vital for 
ensuring anisotropic regrowth and limiting nucleation of an unwanted polymorph.  
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Appendix A 
Expressions Used in Calculations of D2 
Mobility Functions A11 and A12 were calculated as:1 
 
A11 = f2k (λ)(1+ λ)
−2k s−2k
k=0
∞
∑  (A.1) 
 
A12 = −
1
2
(1+ λ) f2k+1(λ)(1+ λ)
−2k−1s2k−1
k=0
∞
∑  (A.2) 
where: 
 
s = 2r
a1 + a2
 (A.3) 
 
λ =
a2
a1
 (A.4) 
For 0 ≤ k ≤ 11, functions f2k and f2k+1 are calculated as: 
 
f0 = 1
f1 = −3
f2 = 0
f3 = 4+ 4λ
2
f4 = −60λ
3
f5 = 0
f6 = 480λ
3 −128λ5
f7 = −2400λ
3
f8 = −960λ
3 + 4224λ5 −576λ 7
f9 = 1920λ
3 +1920λ5
f10 = −17920λ
5 − 96000λ 6 + 30720λ 7 − 2304λ 9
f11 = −15360λ
3 + 231936λ5 −15360λ 7
 (A.5) 
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Mobility Functions B11 and B12 were calculated as:1 
 
B11 = f2k (λ)(1+ λ)
−2k s−2k
k=0
∞
∑  (A.6) 
 
B12 =
1
2
(1+ λ) f2k+1(λ)(1+ λ)
−2k−1s−2k−1
k=0
∞
∑  (A.7) 
For 0 ≤ k ≤ 11, functions f2k and f2k+1 are calculated as:  
 
f0 = 1
f1 = 3/ 2
f2 = 0
f3 = 2+ 2λ
2
f4 = 0
f5 = 0
f6 = −68λ
5
f7 = 0
f8 = −320λ
3 + 288λ5 − 288λ 7
f9 = 0
f10 = −6720λ
5 − 3456λ 7 −1152λ 9
f11 = 8960λ
3 +8848λ5 −8960λ 7
 (A.8) 
 
The numerical solution for Q by Batchelor2 is given in Figure A1. 
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Figure A1. Numerical solution for pair distribution function Q (λ = 2).2 
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Appendix B 
1H DOSY (PFGSE) NMR Measurements 
Pulsed field gradient spin echo nuclear magnetic resonance (PFGSE NMR) utilizes 
the attenuation of the echo signal from a spin-echo pulse sequence containing a magnetic 
field gradient pulse at each period to determine the displacement of the observed spins on 
timescales of milliseconds to seconds.1,2 The position of a spin an ensemble of diffusing 
nuclei in the z-direction can be “labeled” by applying a well-defined magnetic field 
gradient. When a 90º gradient pulse (δ) is applied at time t1, the spin experiences a phase 
shift, which has two terms: (1) phase shift due to the main field B0 and (2) phase shift due 
to the gradient g. Applying the following 180º pulse after period τ reverses the precession 
sign. When the 90º echo is applied at time t1+∆ the spin experiences the same main field 
phase shift, but the phase shift due to the gradient will differ if the molecule has moved 
from position z(t1) to z(t2). The total phase shift at the end of the pulse echo sequence is 
given by:1 
 
ϕ i(2τ ) = γ B0τ + γ g zi(t)dt
t1
t1+δ
∫
⎧
⎨
⎪
⎩⎪
⎫
⎬
⎪
⎭⎪
− γ B0τ + γ g zi(t ')dt '
t1+Δ
t1+Δ+δ
∫
⎧
⎨
⎪
⎩⎪
⎫
⎬
⎪
⎭⎪
 (B.1) 
where γ = ω0/B0 is the gyromagnetic ratio of the Larmor frequency and strength of the 
static magnetic field. 
Diffusion of the spins DS can be correlated to the attenuation of a spin echo signal 
S(t) resulting from the dephasing of the nuclear spins due to the combination of the 
translational motion of the spins and the imposition of the spatially defined gradient 
pulses:1,2  
 
dS(t)
dt
= −γ 2DS g(t ')dt '− 2H (t −τ )
0
t
∫ g(t ')dt '
0
τ
∫
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥
2
S(t)  (B.2) 
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By integrating Eq. (B.2) from 0 to 2τ the following relationship is obtained: 
 
ln S(2τ )
S(0)
⎡
⎣
⎢
⎤
⎦
⎥ = −γ
2g 2DSδ
2(Δ −δ /3)  (B.3) 
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Appendix C 
Full 1H NMR Spectrum of Fmoc-FF  
 
Figure C1. 1H NMR spectrum of Fmoc-FF in deuterated DMSO. 
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Appendix D 
Additional NMR Data 
 
Figure D1. Self-diffusivity DS of freely diffusing Fmoc-FF 
molecules in a slowly gelling sample (φFmoc-FF = 0.004, 
xH2O = 0.35) and corresponding fraction of bound molecules 
fbound. 
 
0 60 120 180 240
0.0
0.2
0.4
0.6
0.8
1.0
0.0
0.2
0.4
0.6
0.8
1.0
fbound
 DS
 fbound
D
S 
(1
0-
10
 c
m
2 /s
)
t (min)
  124 
 
Figure D2. Fraction of Fmoc-FF molecules bound in the solid phase at various Fmoc-FF volume fractions 
and water concentrations xH2O of: (a) 0.25; (b) 0.30; (c) 0.35; (d) 0.40. 
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